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ABSTRACT 

DNA,  protein,  and  peptide  strategies,  together  with  chemical  synthetic  techniques,  are  exploited  to  create  nanoparticle  (NP)  arrays  for 
systematic  study  of  quantum  many-body  physics  in  structures  fabricated  by  biological  techniques.  Periodic  arrays  where  quantum 
many-body  physics  occur  within  each  NP  and  interparticle  coupling  of  charge,  electric  dipole,  or  magnetic  dipole  occurs  among  particles  are 
considered.  The  primary  focus  is  placed  on  studies  of  magnetic  interactions.  Magnetic  NP  with  organic  shells  suitable  for  functionalized 
attachment  at  specific  sites  on  the  scaffolding  were  assembled  into  arrays  by  DNA-directed  self-assembly  and  drop-casting.  The  DNA 
scaffolding  was  suitable  for  controlling  the  coupling  between  the  NP  by  DNA  base  sequence  design  and  by  NP  shell  composition  and 
thickness,  to  allow  future  systematic  studies  of  interactions  within  the  arrays.  The  convergent  goal  of  this  interdisciplinary  project  was 
defined  to  be  the  use  of  DNA  scaffolding  for  the  assembly  of  ferromagnetic  NP  arrays  closely  coupled  to  an  electron  gas  near  the  surface  of 
a  semiconductor  for  the  study  of  many-body  physics  in  electrically  gated  magnetic  NP  arrays.  It  is  anticipated  that  this  MURI  will 
contribute  to  a  fundamental  understanding  of  electronic  and  magnetic  behavior  in  nanoparticle  arrays,  which  could  impact  computing,  signal 
processing,  and  sensing. 
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STATEMENT  OF  THE  PROBLEM  STUDIED 


This  MURI  has  exploited  DNA,  protein,  and  peptide  strategies,  together  with  chemical 
synthetic  techniques,  to  create  nanoparticle  (NP)  arrays  for  systematic  study  of  quantum 
many-body  physics  in  normal  metal  and  magnetic  NP  systems.  This  study  has  provided 
a  foundation  for  the  development  of  a  reliable  biological  route  to  precision  assembly  of 
quantum  electronic  systems  that  can  operate  at  room  temperature. 

The  scope  of  this  study  includes  the  many-body  physics  of  electronic,  magnetic  and 
photonic  systems.  Each  type  of  system  offers  its  own  possibilities  for  exploring  new 
physics.  We  focused  on  periodic  arrays  where  quantum  many-body  physics  occur  within 
each  NP  and  interparticle  coupling  of  charge,  electric  dipole,  or  magnetic  dipole  plays  a 
central  role.  Our  primary  focus  evolved  toward  magnetic  dipole  and  exchange 
interactions. 

The  quantum  systems  were  constructed  by  biological  assembly  of  NP  primarily  in  2D 
geometries.  The  NP  were  composed  of  monodisperse  normal  metal  and  magnetic  NP 
with  organic  shells  that  could  be  functionalized  for  attachment  at  specific  sites  on  the 
scaffolding.  Drop-casting  of  NP  with  organic  shells  was  used  to  provide  simple 
preliminary  test  structures  for  studies  in  the  limit  of  close-packed  arrays.  The  DNA 
scaffolding  studied  during  the  project  was  suitable  for  controlling  the  coupling  between 
NP  by  DNA  base  sequence  design  and  by  NP  shell  composition  and  thickness,  to  allow 
systematic  studies  of  interactions  within  the  arrays. 

The  initial  convergent  goal  for  the  various  tasks  of  this  project  was  defined  as  the 
assembly  of  protein-organized  metallic  NP  dimers  or  trimers  into  arrays  on  DNA 
scaffolding.  The  ability  to  control  size,  spacing,  composition,  and  coupling  in  such  a 
structure  would  represent  a  tour  deforce  in  biological  assembly.  As  the  project  evolved, 
the  goal  was  redefined  to  be  the  use  of  DNA  scaffolding  for  assembly  of  ferromagnetic  NP 
arrays  in  closely  coupled  to  an  electron  gas  near  the  surface  of  a  semiconductor 
substrate  for  study  of  electrically  gated  magnetic  coupling  in  nanoparticle  arrays. 

It  is  anticipated  that  this  MURI  will  contribute  to  a  fundamental  understanding  of 
electronic  and  magnetic  behavior  due  to  many-body  physics  in  nanoparticle  arrays, 
which  could  impact  future  DoD  capabilities  for  computing,  signal  processing,  and 
sensing.  In  addition,  the  results  of  this  project  will  improve  our  understanding  of  critical 
issues  for  exploiting  biological  approaches  for  assembling  quantum  systems  based  on 
organic-inorganic  structures. 
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SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 


NP  Synthesis  and  Test  Structure  Fabrication 

•  Synthesis  of  uniform  single-particle  and  binary  superlattice  (BNSL) 
ferromagnetic  NP  arrays  by  drop  casting.  Drop-casting  of  inorganic  NP  with 
organic  shells  provided  a  simple  means  for  preliminary  studies  of  arrays  in  the  close- 
packed  limit  to  complement  studies  tailorable,  DNA-assembled  arrays. 

•  Development  of  process  for  bonding  Fe304  -NP  to  GaAs  and  InAs  substrates. 
Demonstrated  the  critical  organic  removal  and  physical  bonding  steps  needed  for 
electronic  coupling  NP  arrays  to  the  substrates. 

•  Demonstration  of  e-beam  patterning  of  mesoporous  silica  at  sub-100  nm 
dimensions.  Patterning  of  mesoporous  silica  potentially  provides  means  for 
passivating  and  contacting  hybrid  organic/inorganic  DNA-assembled  NP  arrays. 

•  Mask  set  design  and  fabrication  of  FET,  Hall  and  test  devices  for  studies  of 
gated  exchange  interactions.  Used  to  fabricate  and  characterize  graphene  field- 
effect  transistors. 

Biological  Self-assembly 

•  Self-assembly  of  Fe3(>4  -NP  to  DNA  scaffolding.  Established  protocol  for  Fe304  -NP 
assembly  to  2D  DNA  scaffolding. 

•  Self-assembly  of  molecular  bridges  between  NP  and  GaAs  substrate.  NP  were 
self-assembled  into  2D  arrays  with  molecular  bridges  to  a  GaAs  substrate,  as  a  step 
toward  exchange  through  a  substrate. 

•  Synthesis  of  molecular  bridges  with  tunable  solubility  and  conductivity. 
Designs  for  high  conductivity  were  explored'and  demonstrated. 

•  Identification  of  peptide  sequences  with  specific  binding  to  Fe304  and  FePt 
Such  specific  binding  is  desired  for  the  synthesis  of  NP  trimer  modules  for  this  study. 

•  Demonstration  of  protein  trimers  with  non-specific  (cysteine)  and  specific 
(peptide)  binding  tails  for  NP  attachment.  Pt  NP  trimers  observed  by  electron 
microscopy  but  low  yield  suggests  peptide  affinity  may  not  be  sufficiently  robust. 

•  Self-assembly  of  protein  trimers  on  DNA  scaffolding.  Protein  trimmers  assembly 
to  DNA  origami  scaffolding  confirmed  by  AFM  imaging. 

•  Demonstration  of  peptide  shaping  of  FePt  NP.  Biological  control  of  shape 
anisotropby  demonstrated,  as  desired  for  certain  NP  array  studies. 

Characterization 

•  FMR  characterization  of  ferromagnetic  NP  arrays.  Resolved  characteristics  down 
to  single  monolayer  Fe304  arrays  for  studies  of  interparticle  dipole  interactions. 

•  TEM  characterization  of  Fe304  -NP  /  GaAs  interface  in  bonded  arrays. 
Confirmed  crystalinity  of  FesCU-NP  post  processing;  identified  need  for  control  of 
amorphous  interlayer  for  achieving  strong  coupling. 
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*  Conductance-AFM  evidence  for  Fe304  -NP  to  to  n-InAs  coupling.  C-AFM  images 
indicate  that  electronic  coupling  was  achieved  by  optimized  processing,  as  needed 
for  substrate-mediated  exchange  interactions. 

*  Capacitance- voltage  characterization  of  back-gated  2  DEG  in  GaAs 

heterostructure.  Demonstrated  suitability  of  CV  technique  for  determining  optimal 
heterostructure  design  for  NP  coupling  through  substrate. 

*  Magnetic  characterization  of  nanoparticle  arrays.  Field-  and  temperature 
dependent  magnetometry  revealed  affect  of  annealing  cycle  on  moment  and  blocking 
temperature  in  Fe304  arrays,  as  needed  for  design  of  optimized  structures. 

*  Magneto-optical  Kerr  effect  (MOKE)  characterization  of  multiferroic  composite 
laminate  of  Ni  on  top  of  piezoelectric  substrate.  Results  reveal  a  change  in  the 
magnetic  hysteresis  as  a  function  of  electric  field  but  exchange  interaction  requires 
closer  packing. 

Physics 

*  FMR  characterization  of  dipole  interactions  in  ferromagnetic  NP  monolayers. 

Results  show  anisotropy  for  Fe304  NP  arrays  as  thin  as  one  monolayer  and  lower 
magnetization  than  for  "effective  medium"  model,  consistent  with  MacDonalds 
model. 

*  Theory  of  ferromagnetic  resonance  (FMR)  in  regular,  dense  nanoparticle 
arrays.  The  model  includes  finite  NP  size  and  magnetic  dipolar  interactions  and 
shows  that  the  interparticle  dipolar  interaction  leads  to  an  easy-plane  anisotropy  in 
magnetic  energy  that  explains  our  experimental  results. 

*  Theory  of  current-induced  magnetization  reversal  in  a  nanomagnet  with 
structural  inversion  asymmetry.  Derived  an  expression  for  the  effective  switching 
magnetic  field,  which  is  in  good  agreement  with  literature  experiments. 

*  Observation  of  collective  blocking  temperature  in  binary  nanocrystal 
superlattice  (BNSL).  Observe  a  single  blocking  temperature  due  to  collective 
behavior  rather  than  separate  blocking  temperatures  of  the  constituents. 

*  Concept  and  structures  for  electrical  control  of  exchange  interactions  in  arrays 
of  ferromagnetic  nanoparticles.  This  topic  was  identified  at  the  2nd  annual  project 
review  as  the  primary  focus  of  the  project. 

*  A-M  magnetometry  of  interactions  in  Fe304  -  NP  on  GaAs.  Demonstrated 
usefulness  of  first  order  reversal  curves  for  characterizing  the  NP  arrays. 

*  Theory  of  gate-tunable  exchange  coupling  in  the  case  of  cobalt  NP  on  graphene. 

Used  Spin-density-functional  theory  and  simple  model  for  shifts  in  majority  and 
minority  energies.  The  results  confirm  that  both  the  sign  and  magnitude  of  the 
magnetic  coupling  can  be  tuned  by  electric  fields  due  to  changes  in  the  graphene 
carrier  density. 
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Theory  of  quantum  many-body  effects  in  NP  arrays  (TS-1).  Allan  H. 
MacDonald 

Theory  of  nanoparticle  array  characterization  using  ferromagnetic  resonance 


We  have  developed  a  theory  of  ferromagnetic  resonance  (FMR)  in  regular  dense 
nanoparticle  arrays.  The  theory  quantitatively  describes  the  experiments  performed  in 
Andrew  Kent’s  group.  Our  findings  are  summarized  in  Fig.  1.  The  corresponding 
manuscript  is  being  prepared  for  publication. 

In  general,  ferromagnetic  resonance  has  proven  to  be  a  valuable  tool  in  studying 
magnetic  properties  (e.g.  the  type  of  magnetic  anisotropy)  of  magnetic  materials  [1].  It  is 
natural  to  apply  this  technique  to  nanoparticle  arrays,  as  has  been  done  in  the  group  of 
Andrew  Kent  as  part  of  this  MUR1  effort. 


Magnetic  nanoparticles 
normally  form  poorly 
characterized  random 

anisotropy  axis  arrays.  Due  to 
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experiments  of  Kent's  group 
were  performed  on  this  type 
of  array.  It  was  observed  that 
the  properties  of  dense 
arrays  were  different  from 
what  could  have  been 
expected  for  thin  film 
ferromagnets. 


From  the  theory  side,  FMR  of 
disordered  arrays  of 
nanoparticles  was  considered 
in  Ref.  [2].  Importantly,  the 
magnetic  dipole-dipole 
interaction  was  neglected  in 
that  study.  In  dense  arrays, 
however,  the  dipolar 
interaction  between 

nanoparticles  is  important 

due  to  considerable  size  of  the  nanomagnets,  and  their  superparamagnetic  behavior.  In 
the  present  work  our  task  was  to  build  a  theory  of  FMR  in  nanoparticle  arrays,  which 
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Fig.  1:  Theoretical  dependences  of  the  resonant  magnetic 
field,  H  ,  on  Its  orientation  (angle  V)  with  respect  to  the 

flrt 

sample  plain  (solid  lines),  and  experimental  data  (dots)  for 
various  numbers  of  magnetic  layers  of  nanoparticles  (ML), 
and  a  bulk  (drop  casted)  film. 
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takes  into  account  finite  size  of  the  nanoparticles  (i.e.  goes  beyond  the  point-dipole 
approximation),  and  their  magnetic  dipolar  interaction. 

The  results  of  our  theoretical  fit  to  the  experimental  data  are  shown  in  Fig.  1.  The 
essentially  parameter-free  fit  is  quite  good.  In  what  follows  we  briefly  outline  the  theory 
that  we  developed  for  ferromagnetic  resonance  in  nanoparticle  arrays. 


To  describe  the  dynamics  of  the  uniform  mode  of  the  array  magnetization,  we  use  the 
standard  approach  based  on  the  Landau-Lifshitz  equation: 


5m  TJ  dm 

—  =  -7m  x  Heff  +  am  x  — . 


(1) 


In  the  above  equation  m  represents  the  direction  of  each  nanoparticle  magnetization 
(assumed  the  same  for  all  nanoparticles  in  the  array),  Heff  is  the  effective  magnetic  field 
felt  by  a  nanoparticle,  a  is  the  Gilbert  damping  constant,  and  y  is  the  gyromagnetic  ratio. 
Here  and  in  what  follows  we  consider  the  dynamics  of  the  uniform  mode  of  the 
magnetization.  Thus  we  assume  that  magnetic  moment  of  each  nanoparticle  points  in  the 
same  direction.  This,  in  turn,  means  that  we  can  consider  FMR  for  a  single  nanoparticle, 
whose  energy  density  is  modified  by  dipolar  interaction  with  the  rest  of  the 
nanoparticles. 

Magnetic  field  Heff  includes  an  external  magnetic  field,  and  the  field  resulting  from 
dipolar  interaction  between  nanoparticles.  It  is  defined  as  Heff  =  -8E/S(Ms m) ,  where  E 
is  the  the  aforementioned  effective  energy  density  per  nanoparticle,  and  Ms  is  the 
saturation  magnetization.  We  have  shown  that  in  all  cases  studied  the  dipolar  interaction 
between  nanoparticles  leads  to  an  easy-plane  anisotropy  in  magnetic  energy  of  a 
nanoparticle: 


E  =  — M5131H  +  2tt  KMgm^ 


(2) 


Here  H  is  the  static  external  magnetic  field,  and  m-L  is  the  component  of  the 
magnetization  direction  perpendicular  to  the  array  plane.  The  dimensionless  constant  K 
depends  on  the  geometry  of  an  array,  and  was  calculated  for  each  type  of  array. 


Once  the  energy  density  per  particle  is  calculated,  one  can  find  the  frequency  at  which 
the  resonant  absorption  of  microwave  radiation  occurs  by  solving  Eq.  (1),  to  arrive  at  the 
standard  expression: 


a ;2  1 

d2Ed2E 

f  d2E \21| 

72  ~  Mg  sin2  9 

502  d<p  1 

l  dd>dd)  j  | 

(3) 


The  angles  9,  (p  and  90,  <pQ  describe  the  orientation  and  the  equilibrium  orientation  of 
the  magnetization  in  the  external  field  H,  respectively.  The  solution  of  Eq.  (3)  provides 
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an  implicit  dependence  Hres(<p )  at  given  frequency  (o.  These  dependences  are  the  main 
result  of  this  work,  and  are  summarized  in  Fig.  1. 

The  work  described  above  is  being  prepared  for  publication. 
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Current-induced  magnetization  switching  in  nanomagnets  with  structural  inversion 
asymmetry 

Over  the  past  several  months 
we  have  developed  a  theory 
current-induced 
magnetization  reversal  in  a 
nanomagnet  with  structural 
inversion  asymmetry.  This  is 
potentially  relevant  for  the 
magnetic  recording  industry, 
has  been  demonstrated  in  a 
recent  experimental  work 
[1].  We  would  like  to  further 
explore  the  possibility  to 
electrically  control  ensembles 
nanomagnets,  deposited  on  a 
conducting  substrate,  in  close 
collaboration  with 

experimental  groups. 

It  is  well  known  that  structural  inversion  asymmetry  leads  to  a  particular  kind  of  spin- 
orbit  interaction  in  2D  electron  systems,  known  as  the  Rashba  spin-orbit  interaction. 
There  is  a  large  body  of  work  on  spin-orbit-interaction-driven  phenomena  in 
semiconductors.  In  particular,  a  great  deal  of  attention  has  been  paid  to  the  field  of 
spintronics:  the  electrical  control  of  the  electronic  spin.  Recently,  a  successful  attempt  to 
electrically  control  magnetization  direction  of  a  nano  magnet  has  been  reported  [1].  In 
Ref.  [1],  reliable  switching  of  magnetization  direction  of  a  two-dimensional 
ferromagnetic  island  with  perpendicular  magnetic  anisotropy  was  shown,  and  further 
used  to  build  a  magnetic  switch  device.  This  remarkable  achievement  has  obvious 
practical  implications  for  the  magnetic  storage  industry.  We  expect  the  experimental 
groups  participating  in  this  grant  to  be  able  to  build  nanoparticle  arrays  on  conducting 


Fig.  1:  The  setup  considered  in  this  work.  A  planar  conducting 
nanomagnet  is  sandwiched  between  insulating  and  metallic 
layers,  which  creates  structural  inversion  asymmetry.  The  metallic 
layer  is  used  to  pass  a  current  through  the  system  (denoted  as  / ). 

X 

Orientation  of  the  nanomagnet’s  spin  polarization  (S),  and  an 
external  magnetic  field  ( b  )  assumed  in  the  text  is  depicted  on 

ext 

the  right. 
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substrates  to  explore  the  possibilities  to  control  the  collective  behavior  of  an  array  with 
electric  currents. 

The  geometry  we  have  considered,  and  which  was  used  in  Ref.  [1],  is  depicted  in  Fig.  1. 
The  nanomagnet  is  assumed  to  have  a  strong  easy-axis  anisotropy  perpendicular  to  its 
plane,  which  is  necessary  for  thermal  stability  and  scalability  of  the  device.  In  this 
geometry,  a  strong  enough  current  pulse  flowing  through  the  setup  in  the  direction  of 
the  applied  external  magnetic  field  is  able  to  deterministically  switch  the  direction  of  the 
ferromagnetic  layer's  magnetization  (between  two  perpendicular  to  the  layer  plane 
directions).  For  each  magnetization  direction  and  fixed  direction  of  the  external 
magnetic  field,  only  one  of  the  two  possible  current  flow  directions  leads  to  switching. 
Further,  the  switching  is  absent  for  current  flowing  in  the  direction  perpendicular  to  the 
one  of  the  external  magnetic  field,  and  the  critical  value  of  the  current  necessary  for 
switching  decreases  with  increasing  external  magnetic  field.  Our  final  result  is  an 
expression  for  an  effective  switching  magnetic  field,  which  points  almost  perpendicular 
to  the  nanomagnet’s  plane: 


Pf  dvp 
vf  dpF 


In  this  expression  E  is  the  electric  field,  a  characterizes  the  strength  of  the  spin-orbit 
interaction.  No  and  yo  are  the  density  of  states  and  band  non-parabolicity  of  the 
ferromagnet,  and  S/  denote  the  Cartesian  components  of  the  ferromagnet’s  spin 
polarization.  We  can  estimate  this  field  using  the  material  parameters  for  Cobalt,  which 
gives 


Here  is  the  minority  spin  density  of  states  at  the  Fermi  surface  for  Cobalt,  Ms  is  its 
saturation  magnetization,  while  Mx  is  the  x-component  of  the  magnetization, 
determined  by  the  competition  between  the  external  magnetic  field  and  easy-axis 
anisotropy.  The  electric  field  value  is  chosen  such  that  it  corresponds  to  the 
experimental  current  of  1012A/m2 .  We  note  that  the  number  obtained  here  is  very  close 
to  the  experimentally  reported  70-90  mT. 

In  order  to  obtain  the  above  result,  we  derived  and  solved  the  kinetic  equation  for  a 
conducting  ferromagnet  with  structural  inversion  asymmetry.  In  3d  transition  metals,  of 
which  Cobalt  is  an  example,  building  a  kinetic  scheme  is  complicated  by  a  large  number 
of  electronic  bands  at  the  Fermi  surface.  Both  3d-  and  4s-derived  electronic  bands  are 
responsible  for  ferromagnetism  and  transport.  Ferromagnetic  properties  are  mostly  due 
to  the  d-bands,  but  there  are  usually  states  of  both  types  at  the  Fermi  level.  Since  both 
types  of  the  electronic  bands  participate  in  transport,  and  both  types  of  bands  are  spin- 
orbit  coupled,  it  is  impossible  to  decide  a  priori  which  ones  are  more  important  for  the 
magnetization  switching  discussed  above.  The  d-bands  are  favored  by  a  large  density  of 
states  at  the  Fermi  surface,  as  is  typical  for  ferromagnetism,  and  strong  atomic  spin-orbit 
interaction,  yet  the  s-bands  should  have  a  larger  value  of  a  spin-orbit  interaction  coming 
from  the  structural  inversion  asymmetry  due  to  larger  wave  function  overlaps.  To  chose 
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a  specific  model,  admittedly  simplified,  but  allowing  to  build  a  quantitative  theory  of  the 
above  phenomena,  we  viewed  a  ferromagnetic  transition  metal  as  consisting  of  two 
abstract  subsystems  of  localized  fd')  and  mobile  fs')  electrons.  The  former  are 
considered  responsible  for  the  ferromagnetism,  and  the  latter  are  itinerant  electrons 
participating  in  transport.  The  s-electrons  were  further  assumed  to  occupy  a  single 
Kramers-degenerate  band.  The  coupling  between  the  two  types  of  bands  was  introduced 
via  a  simple  local  exchange  Hamiltonian.  We  note  that  this  division  into  d-  and  s- 
electrons  does  not  literally  correspond  to  the  original  3d  and  4s  bands  of  the  realistic 
substance:  In  principle,  we  could  think  of  the  3d-electrons  alone  in  this  kind  of  way,  self- 
consistently  demanding  that  the  average  magnetization  of  the  "localized"  electrons 
coincides  with  that  of  the  itinerant  ones  (which  is  the  essence  of  the  Stoner  model  of 
ferromagnetism).  As  we  saw  above,  such  a  simplified  treatment  led  to  a  good 
quantitative  agreement  with  experiment. 

Currently,  we  are  working  on  extending  this  treatment  to  a  more  realistic  model  of  a 
ferromagnet,  as  well  as  generalizing  the  results  to  assemblies  of  nanomagnets  on  a 
conducting  substrate. 
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Figure  AMI  00.  Schematic  of  top  and  side  view  of 
atomic  model  for  cobalt  -  graphene  hybrid  structure. 


Gate-Tunable  Exchange  Coupling 
Between  Cobalt  Clusters  on  Graphene 
During  the  last  period  of  the  project  we 
theoretically  investigated  the  possibility 
for  electrical  gate  control  of  exchange 
interactions  between  ferromagnetic  NP 
coupled  through  a  two-dimensional 
electron  gas,  in  concert  with  the  various 
experimental  studies  by  the  Kiehl  group. 
We  examined  the  particular  case  of  gate 
control  of  the  magnetic  coupling  between 
infinite  Co  electrodes  on  top  of  graphene. 

Spin-density-functional  theory  ab  initio 
calculations  were  used  to  theoretically 
explore  the  possibility  of  achieving  useful 
gate  control  over  exchange  coupling 
between  cobalt  clusters  placed  on  a 
graphene  sheet.  An  illustration  of  the 
model  is  given  in  Fig.  AM  100.  In  the 
calculations  we  used  a  20x1  supercell  with 
18  atoms  in  each  supercell  and  3  layers  of 
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Co.  Graphene  was  taken  to  be  continuous  in  the  x-y  plane  and  the  electric  field  was 
taken  to  be  applied  in  the  z  direction  normal  to  the  plane. 


The  two-dimensional  band  structure  of 
the  Co-graphene  hybrid  system  is  shown 
on  the  left  in  Fig.  AM  110.  The  blue  lines 
illustrate  the  majority  spin  bands  and  the 
red  lines  the  minority  spin  bands.  The  blue 
and  red  dots  indicate  the  strength  of 
carbon  pz  orbital  character  in  the  majority 
and  minority  spin  states.  Our  electronic 
structure  calculations  could  be 
qualitatively  described  using  a  simple 
model  for  graphene  coupled  to  a  cobalt 
overlayer  in  which  hybridization  and 
charge  transfer  effects  shift  the  energies  of 
both  majority  and  minority  spins  on  both 
graphene  sublattices.  The  model  includes 
the  usual  Dirac  Hamiltonian  for  hopping 


Figure  AM120.  Electric  field  dependence  of  magnetic 
coupling  between  Co  ribbons. 


on  a  honeycomb  lattice.  The  parameters 
of  this  model  were  identified  by  fitting  to 
the  energies  of  the  bands  that  have  the 
largest  band  character  at  the  Brillouin- 
zone  corner  points. 

The  calculated  electric-field  dependence  of 
the  magnetic  coupling  between  two 
different  cobalt  ribbons  is  shown  in  Fig. 
AM120.  The  results  confirm  that  both  the 
sign  and  magnitude  of  the  magnetic 
coupling  can  be  tuned  by  electric  fields 
due  to  changes  in  the  graphene  carrier 
density.  Further  study  is  underway  to 
more  quantitatively  examine  this  control 
mechanism.  In  particular,  we  will  study 
sensitive  to  the  relative  sublattice 
registration,  as  well  as  to  the  size  and 
spacing  of  the  cobalt  clusters,  to  provide 
guidance  to  the  experimental 
investigations. 
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NP-array  nanostructures  and  electronic  transport  studies 
(ES-1).  Richard  A.  Kiehl 

The  initial  scope  of  this  program  included  a  wide  range  of  topics  in  many-body  physics  in 
nanoparticle  arrays.  Earlier  work  by  Kiehl  et  al  in  DNA  assembled  NP  arrays  showed 
quantum  behavior  in  the  form  of  pronounced  single-electron  tunneling  steps  in  the 
current-voltage  characteristics  of  linear  arrays  of  gold  nanopaarticles  assembled  by  2D 
DNA  scaffolding.  In  the  early  period  of  this  program  the  Kiehl  group  focused  essential 
fabrication  issues  for  such  arrays. 


DNA  offers  the  ultimate  in  precision 
programmability  for  self-assembly 
the  nanoscale.  The  programmable 
of  DNA  structures,  the  nucleotide,  is 
only  0.34  nm.  However,  DNA  is 
fragile,  it  does  not  offer  a  robust 
framework  compared  with 
conventional  semiconductor 

fabrication  technologies.  Even  as  a 
scheme  for  organizing  inorganic  NP 
study  of  fundamental  physics,  one 
needs  a  way  to  exploit  precision 
while  adding  robustness.  Thus  our 
earliest  studies  in  the  MURI  were 
focused  on  a  scheme  for  passivating 
DNA  and  organic  structures  while 
making  electrical  contact  for  single 
electron  tunneling  and  similar 
studies. 

We  investigated  a  strategy 
suggested  by  Atul  Parikh  (UC  Davis) 
based  on  mesoporous  siiica.  The 
basic  idea  is  to  use  DNA  scaffolding 
organization  of  NP  and  then  to 
passivate  the  NP  in  an  intimate  silica 
matrix.  This  can  be  thought  of  as  an 
embalming  process  for  the  materials 
where  the  structure  is  not  only 
maintained  but  made  robust.  An 
additional  and  essential  feature,  is  to 
a  high  resolution  patterning 
technique  to  define  porous  regions 
the  silica  structure  that  allow 
electrical  contact  to  be  made. 


Figure  1.  Top:  Illustration  of  evaporation-induced  self- 
assembly  of  thin-film  silica  mesophases  Bottom: 
Schematic  of  the  preparation  for  patterned 
mesostructured/mesoporous  silica  thin  films  (from 
Dattelbaum  et  al,  Nano  Letters  3(6)  719,  2003). 
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The  top  of  Fig.  1  illustrates  the  concept 
of  evaporation-induced  self-assembly  of 
thin-film  silica  mesophases,  which  was 
discussed  by  Brinker  et  al  (Nature 
1992).  The  hexagonal  phase  of 
surfactant  templated  silica  contains 
horizontal  but  not  vertical  channels. 

Vertical  channels  exist,  however,  in 
cubic  phase  silica,  which  opens  the 
possibility  for  making  contact  to 
underlying  structures.  The  bottom  of 
Fig.  1  shows  a  schematic  for  the 
preparation  of 

mesostructured/mesoporous  silica  thin 
films  patterned  by  UV  irradiation. 

(Dattelbaum  et  al,  Nano  Letters  3(6) 

719, 2003) 

For  the  purposes  of  this  MUR1,  we  need 
nanoscale  patterning  of  contact  regions. 

We  have  therefore  investigated  the  use 
of  electron  beam  lithography  for 
patterning  meso-porous  silica  into 
nanoscale  porous  and  non-porous 
regions. 

Figure  2  shows  a  process  for  making 
electrical  contacts  to  a  DNA-assembled 
nanoparticle  array  via  e-beam 
patterning  of  meso-porous  silica.  As  is 
illustrated,  an  e-beam  exposes  photoresist  to  allow  its  removal  and  transforms  silica 
from  non-porous  hexagonal  phase  to  porous  cubic  phase.  Electroless  deposition  is  then 
used  for  precipitation  of  silver  in  pores  to  form  conductive  channels  to  buried 
nanoparticles.  Then,  evaporated  metal  is  used  to  make  contact  to  channels.  In  the  final 
step  (not  shown  in  the  figure)  the  non-contacting  metal  regions  are  removed  by  a 
conventional  liftoff  process. 


(c) 


metal  contact 

meso-porous  5H1C  a 

cubic  phase 

hexagonal  phase 

DNA  scaffolding 

substrate 

Figure  2.  Process  for  making  electrical  contacts  to 
DNA  assembled  nanoparticle  array  via  e-beam 
patterning  of  meso-porous  silica,  (a)  E-beam  exposes 
photoresist  and  transforms  silica  from  non-porous 
hexagonal  phase  to  porous  cubic  phase,  (b) 
Precipitation  of  silver  In  pores  forms  conductive 
channels  to  burled  nanoparticles,  (c)  Evaporated 
metal  forms  contact  to  channels  and  other  metal 
regions  are  removed  by  liftoff  (not  shown).. 
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Figure  3  shows  results  from  our  initial  studies 
this  approach.  The  figure  shows  a  scanning 
electron  micrograph  of  a  nanoscale  pinwheel 
directly  written  into  the  mesoporous  silica 
with  a  focused  electron  beam.  The  thickness  of 
the  silica  layer  is  reduced  by  exposure,  as  was 
the  case  for  UV  patterned  layers.  The  fine 
details  of  the  patterns  suggest  that  material 
changes  can  be  directly  written  into 
mesoporous  silica  thin  films  with  nanoscale 
precision.  In  particular,  the  width  of  the  lines 
the  image  is  approximately  100  nm.  Moreover, 
the  individual  pixels  of  the  electron  beam 
writing  process  are  visible  in  the  Fig.  3  image, 
illustrating  the  potential  for  nanoscale 
patterning.  Further  studies  are  underway  to 
determine  the  material  properties  in  the 
patterned  and  unpatterned  regions  and  to 
confirm  that  the  desired  change  in  porosity  has 
been  obtained.  If  successful,  this  technique 
would  provide  an  enabling  technology  to  a 
wide  range  of  bio-medical  applications  beyond 
this  MURI. 

Our  evaluation  of  the  most  interesting  physics 


Figure  4.  Schematic  diagram  illustrating  a  device  for  field-effect 
controlled  exchange  interactions.  Fe  NP  are  closely  spaced 
along  rows  going  into  the  plane,  with  an  Inter-row  spacing  a. 
Circles  and  crosses  indicate  magnetization  out  of  and  into  the 
plane.  The  spin  of  a  NP  Is  transferred  to  the  GaAs  2DEG  by  the 
magnetic  proximity  effect,  resulting  In  GMR-like  spin  scattering 
transport  through  the  2DEG  from  the  source  S  to  the  drain  D. 
Back-gating  by  the  substrate  electrode  G  controls  the  electron 
density  and  Fermi  wavelength  In  the  2DEG,  thereby  controlling 
the  sign  and  magnitude  of  the  RKKY  exchange  interaction. 
When  the  spacing  s  Is  sufficient  to  suppress  dipole  Interactions, 
gating  the  exchange  interaction  switches  the  rows  between 
parallel  (not  shown)  and  antiparallel  (shown)  alignment.  White 
regions  are  depleted  of  electrons. 


Figure  3.  Scanning  electron  micrograph  of 
nanoscale  pinwheel  shape  directly  written 
Into  the  mesoporous  silica  with  a  focused 
electron  beam.  These  patterns  suggest 
that  material  changes  can  be  directly 
written  Into  mesoporous  silica  thin  films 
with  nanoscale  precision.  The  width  of  the 
lines  In  the  Image  is  approximately  100  nm. 
The  individual  pixels  of  the  electron  beam 
writing  process  are  visible  in  the  Image, 
Illustrating  that  high  resolution  patterning 
has  been  achieved. 


evolved  in  the  first  years.  The  many- 
body  physics  of  arrays  of 
ferromagnetic  nanoparticles  has 
taken  priority,  and  the  Kiehl  Group 
work  has  shifted  from  making 
electrical  contact  to  normal  metal  NP 
to  making  contact  between 
ferromagnetic  NP  and  a  thin  normal 
metal,  the  2DEG  at  the  surface  of  a 
semiconductor.  The  shift  was 
stimulated  by  the  expected  richness 
of  exchange  interactions  in  FM  NP 
arrays,  as  well  as  the  difficulty  in 
obtaining  sufficient  coupling  for 
exchange  interactions  between  even 
closely  packed  nanoparticles,  as 
found  by  the  U.  Penn  group.  In  trying 
to  come  up  with  an  approach  for 
increased  exchange  interaction,  Kiehl 
and  MacDonald  considered  coupling 
through  a  substrate  and  suggested  a 


GaAs-based  structure,  which  offered  not  only 
coupling  but  gating. 

Figure  4  is  schematic  diagram  illustrating  a  GaAs- 
based  test  structure  for  studying  gated  exchange 
interactions,  and  other  many  body  physics,  in 
arrays  of  biologically  assembled  ferromagnetic 
(FM)  nanoparticles  (NPs).  Electronic  current  flows 
through  a  surface  two-dimensional  electron  gas 
(2DEG),  which  is  coupled  to  the  NP.  The  spin  in  the 
2  DEG  is  controlled  by  the  magnetization  of  the 
nearby  NP,  as  indicated.  The  density  of  the  2DEG  is 
electrically  controlled  by  the  bias  of  n  -GaAs  back- 
gate  electrode.  InGaAs  is  key  as  the  surface  layer 
because  the  Fermi  level  in  compounds  near  pure 
InAs  is  near  or  in  the  conduction  band,  thereby 
promoting  coupling. 

Details  of  the  exchange  gating  concept  are 
illustrated  in  Fig.  5.  As  shown,  as  the  gate  voltage 
is  increased  i)  n  the  2DEG  electron  density 

increases,  ii)  the 
Fermi  wavelength 
decreases,  in)  I  the 
exchange  coupling 
oscillates  and  iv)  G 
the  conductance 
oscillates.  Applying 
a  magnetic  field  Hs 
sufficient  to  force 
parallel  alignment  of 
the  ferromagnetic 
nanoparticles  will 
suprpresses  the  G 
oscillation. 

Thus  we  shifted  our 
focus  to  test  vehicles 
for  bio-assembly  of 
FM  NP  on  InAs 
epitaxial  layer  on 
GaAs.  As  a 

preliminary  step  looked  at  close-packed  arrays  of  Fe304 
nanoparticles  on  GaAs.  The  protocols  for  assembling 
arrays  on  Si02/Si,  as  used  in  most  studies  are  not  effective 
for  GaAs.  An  important  accomplishment  in  the  UC  Davis 
work  was  the  development  of  an  adsorption  technique  for 


Figure  6.  Close-packed  arrays  of 
Fe304  nanoparticles  on  GaAs..  A 
novel  adsorption  technique  was 
developed  at  UC  Davis  for  GaAs 
substrates,  for  which  other 
techniques  were  much  less 
effective.  Top:  200  nm  scale  bar 
(see  lower  right).  Bottom:  2 
micron  scale  bar.  The  innermost 
(green)  square  defines  the  region 
in  the  magnified  image. 
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Figure  5.  Signature  of  gated-exchange 
Interaction.  As  the  gate  voltage  Is 
Increased  ii)  n  the  2DEG  electron  density 
Increases,  Ii)  the  Fermi  wavelength 
decreases,  ill)  J  the  exchange  coupling 
oscillates  and  iv)  G  the  conductance 
oscillates.  Applying  a  magnetic  field  Hs 
sufficient  to  force  parallel  alignment  of  the 
ferromagnetic  nanoparticles  will 
suprpresses  the  G  oscillation. 
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fabricating  uniform  arrays  over  large  areas  on  GaAs.  This  is  illustrated  in  Fig.  6.  which 
shows  two  different  magnifications  of  Fe304  nanoparticles  on  GaAs. 

The  next  step,  creating  covalent  bonding  between  the  NP  and  the  substrate,  involves  a 
number  of  complications.  The  three  main  issues  are  1)  removal  of  surface  oxides  on  the 
GaAs  epi,  2)  removal  of  organic  shells  from  the  nanoparticles,  promotion  of  bonding 
between  the  NP  and  GaAs  substrate.  A  good  process  for  one  step  may  lead  to  problems 
in  another,  so  some  process  development  is  needed  to  optimize  the  overall  protocol. 


Figure  7.  Abrasion  test  of  narmpartlcle  bonding  to  GaAs,  As  apparent  from  the  SEM  image  on  the  right,  the 
left  image  shows  three  regions:  1)  the  lower  region  which  was  never  covered  by  nanopartlctes,  2)  the 
middle  region,  which  is  still  covered  by  nanoparticles  and  3)  the  upper  region,  where  the  nanoparticles  were 
scarped  away.  Atomic  force  microscopy  images  revealed  that  the  darker  dots  in  the  upper  region 
correspond  to  protrusions  in  the  surface. 


As 

a 


first  strategy,  we  applied  basic  protocols  for  native  oxide  removal  and  for  organic 
removal  .  Figure  7  shows  results  from  an  abrasion  test  designed  to  evaluate  physical 
bonding  of  the  nanoparticles  to  GaAs.  As  apparent  from 
the  SEM  image  on  the  right,  the  left  image  shows  three 
regions:  1)  the  lower  region  which  was  never  covered  by 
nanoparticles,  2)  the  middle  region,  which  is  still  covered 
by  nanoparticles  and  3)  the  upper  region,  where  the 
nanoparticle  were  scraped  away.  Atomic  force 
microscopy  images  revealed  that  the  darker  dots  in  the 
upper  region  correspond  to  protrusions  in  the  surface. 

The  results  show  that  the  NP  are  mechanically  bonded  to 
the  surface. 


Figure  0.  TEMi  image  of  interface  between  FejC*  Nl 

and  the  GaAs  substrate  following  the  bondli 
nrotocol. 
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Topography 


Currant 


To  examine  the  nature  of  the 
NP/substrate  interface,  cross- 
sectional  transmission  electron 
microscopy  was  carried  out  on  the 
sample  shown  in  Fig.  8.  The  TEM 
image  in  Fig.  8  shows  that  the 
bonding  has  been  achieved  in  the 
annealing  process  while  maintaining 
the  crystallinity  of  the  Fe304  NP,  as 
desired.  However,  the  image  reveals 
the  presence  of  an  amorphous  layer 
of  about  7  nm  in  thickness  between 
the  NP  and  the  substrate.  This  layer 
is  most  likely  composed  of  Ga203  and 
AS2O3,  the  well-known  native  oxides 
for  GaAs,  possibly  enhanced  in  thickness  during  the  annealing  process.  Coupling 
between  the  NP  and  the  substrate  is  necessary  for  substrate  mediated  exchange 
interactions.  The  oxide,  which  is  about  twice  as  thick  as  the  native  oxide  on  GaAs, 
introduces  a  tunneling  barrier  that  would  reduce  electronic  coupling.  The  TEM  results 
therefore  indicate  that,  despite  the  precautions  taken  to  minimize  oxide  formation  in 


Figure  9.  Scanning  probe  microscopy  images  for  Fes04  NP  on 
an  n-lnAs  substrate.  The  existence  of  NP  to  substrate 
current  (right)  over  only  a  portion  of  the  scanned  region  (left) 
Is  consistent  with  the  non-uniform  surface  condition 
expected  for  this  preliminary  sample. 
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Figure  10.  Zero-field  cooling  characteristics  for  the 
Fe304  NP  before  and  after  annealing  at  300  C,  showing  a 
shift  in  the  blocking  temperature  from  215  to  370  K 
upon  annealing.  (Courtesy  of  K.  Liu  et  al,  UC  Davis) 


experiments,  further 
the  bonding  protocol  is 
reduce  the  thickness  of 
structure. 
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NP/substrate  coupling  can  also  be 
enhanced  by  increasing  the 
conductivity  of  the  interfacial  oxide. 

InAs,  in  particular,  has  two  key 
advantages  over  GaAs  for  achieving 
electronic  coupling  between  NP  and 
the  substrate:  1)  the  Fermi  level  is 
pinned  in  the  conduction  band 
allowing  electrons  to  form  at  the 
surface  with  no  depletion  layer  and  2) 
indium  based  oxides  tend  to  be 
conducting  (e.g.,  indium-tin  oxide)  and 
could  provide  a  sufficiently  conductive 
path.  A  number  of  experiments  were 
carried  out  to  investigate  coupling  of 
Fe304  NP  to  InAs.  Earlier  on,  we  found 
anomalous  sintering  of  NP  at  low 
temperature  in  the  case  of  InAs 
subtrates  and  therefore  were  forced  to  limit  our  annealing  cycle  to  150  C  /  1  min,  which 
was  not  sufficient  for  good  bonding  and  limited  our  early  progress.  Fortunately,  later 
we  were  able  to  anneal  InAs  samples  at  the  300  C  /  1  hr,  which  is  a  cycle  similar  to  that 
used  for  bonding  to  GaAs.  We  believe  that  the  earlier  anomalous  results  we  due  to 
degradation  of  the  NP  over  time. 

A  number  of  promising  results  were  obtained  for  InAs  substrates  during  the  final  period 
of  the  project.  First,  we  obtained  conductive  atomic-force  microscopy  (I-AFM) 
evidence  of  electrical  contact  between  the  Fe304  NP  and  an  n-InAs  substrate.  In  this 
technique,  current  flow  from  the  scanning  probe  tip  through  the  NP  and  into  the 
substrate  was  examined.  Figure  9  shows  results  for  topography  and  current  in  a  sample 
of  Fe304  NP  on  n-lnAs.  The  current  image  provides  preliminary  evidence  of  electronic 
coupling  between  the  NP  and  the  n-InAs  substrate.  The  non-uniformity  of  the  current 
within  the  field  is  consistent  with  the  non-uniformity  in  the  bonding  that  would  be 
expected  in  this  early  stage  of  sample  preparation.  It  is  interesting  to  note  that  while  the 
sample  preparation  protocol  was  similar  to  that  for  the  GaAs  substrates,  and  therefore 
the  formation  of  surface  oxides  would  also  be  expected  in  the  InAs  case,  In-based  oxides 
can  be  much  more  conductive  than  Ga-based  oxides,  thereby  allowing  coupling.  Further 
study  is  underway  to  confirm  this  promising  evidence  for  the  achievement  of 
NP/substrate  electronic  coupling. 

A  goal  of  this  project  is  to  demonstrate  control  of  the  magnetic  interactions  in  NP  arrays 
by  electrically  gated  exchange  interactions.  Magnetometry  techniques  can  be  used  to 
supplement  the  planned  experiments  on  gated  device  structures  by  providing  early, 
corroborating  evidence  on  simpler  structures.  For  example  zero-field  cooling 
measurements  were  used  to  examine  the  affect  of  annealing  on  the  magnetic  properties 
of  the  drop-case  Fe304  NP  arrays.  Figure  10  shows  that  a  large  shift  in  blocking 
temperature  Tb  from  215  K  to  370  K  occurs  for  a  300  C  /  1  hour  anneal,  which  is 
representative  of  the  annealing  cycle  for  our  bonding  process.  The  cooling 
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Figure  11.  Characterization  of  drop-cast  17-nm  Fe304 
NP  arrays  on  a  GaAs-based  substrate  by  the  AM 
method.  The  dip  In  the  AM  characteristic  is  a 
signature  for  magnetic  dipole  interactions.  (Courtesy 
of  K.  Liu  et  al,  UC  Davis.) 
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measurements  and  associated  M-H 
characteristics  of  the  sample  show  that  at 
room  temperature  the  arrays  are 
superparamagnetic  before  annealing  and 
ferromagnetic  after  annealing.  We  note  that 
this  shift  in  magnetic  properties  can  be  used  to 
advantage  in  designing  experiments.  On  the 
other  hand,  the  large  shift  emphasizes  an 
essential  requirement  for  the  control  samples 
our  experiments:  the  control  samples  must  be 
subjected  to  identical  annealing  conditions 
since  the  thermal  bonding  process  will  produce 
substantial  changes  in  the  magnetic  properties 
the  NP  themselves,  which  must  be 
distinguished  from  the  intended  changes  due 
substrate  coupling. 

A  particularly  useful  method  for 
supplementary  characterization  in  our  study  is 
the  AM  method  (See  M.  T.  Raman  et  al.  Applied 
Physics  L  etters  94,  042507,  2009).  This 
method  is  a  type  of  first-order  reversal 
technique  based  on  VSM  magnetometry  which 
allows  magnetic  dipole  and  exchange 
interactions  to  be  distinguished  from  one 
another.  Characterization  of  the  drop-cast 
Fe304  NP  arrays  by  the  AM  method  was  carried 
out  in  preliminary  experiments  by  the  Kai  Liu 
Group  (UC  Davis,  Physics)  to  determine  the 
sensitivity  of  the  set-up  for  our  test  structures.  Results  are  shown  in  Figure  11.  The  dip 
in  the  characteristic  is  expected  in  the  case  of  magnetic  dipole  interactions.  The  results 
indicate  that  the  set-up  sensitivity  should  be  sufficient  for  this  measurement  provided 
that  the  signal-to-noise  ratio  can  be  improved  somewhat. 
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Figure  12.  Demonstrated  graphene  field- 
effect  transistor:  (top)  optical  image  of 
transferred  graphene,  (middle)  Raman 
spectrum,  (bottom)  current  voltage 
characteristic. 


Figure  13:  Overview  of  a  single  chip  in  the  mask  set.  A  close-up  of  a  large  area  device  suitable  for  magneto¬ 
optical  Kerr-effect  measurements  is  shown. 


Although  most  of  this  report  has  focused  on  NP  coupled  through  a  2DEG  formed  near  the 
surface  of  a  semiconductor,  we  devoted  comparable  effort  toward  coupling  NP  through 
the  2DEG  formed  in  a  layer  of  graphene.  Thus  far  in  the  project,  we  have  put  into  place 
the  processing  and  characterization  capabilities  needed  for  fabricating  graphene  field- 
effect  transistors.  Figure  12  shows  our  results  for  the  graphene  transfer  process,  Raman 
spectrum  and  current-voltage  characteristics  of  our  devices.  These  results  establish  our 
capability  for  electrically  contacting  and  gating  graphene,  as  desired  in  this  project 
Figure  13  shows  details  of  the  mask  set  that  we  have  developed  for  studying  gated 
exchange  interactions  in  the  graphene  and  GaAs-based  devices. 


parallel  effort  to  our  work  on  fabrication  of  NP  arrays  by  "bottom-up1'  self-assembly,  we 
recently  initiated  work  on  NP  arrays  fabricated  by  "top-down”  electron-beam 
lithography  (EBL)  techniques  with  the  intent  of  providing  another  path  toward  proof  of 
concept  of  the  gated  exchange  interaction  concept.  The  fabrication  of  arrays  by  EBL 
patterning  of  deposited  thin  films  allows  some  of  the  problems  associated  with  the 
bottom-up  approach  (e.g.,  organic  shell  removal,  oxide  formation)  to  be  circumvented. 
The  trade-off  for  reduced  process  complexity  is  the  larger  size  and  spacing  of  EBL 
defined  NP.  Whereas,  the  assembly  of  5  nm  NP  has  been  demonstrated  routinely  by  our 
group  and  we  have  demonstrated  assembly  of  NP  as  small  as  1.5  nm,  EBL  defined  NP  are 
limited  to  several  10’s  of  nm  or  larger,  with  100  nm  being  a  practical  limit  for  lifted  off 
NP’s  for  high  yield.  Preliminary  results  on  our  work  to  push  our  EBL  capability  to  its 
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limits  for  defining  magnetic  NP  arrays  are  shown  in  Figure  14.  We  have  been  able  to 
pattern  50  nm  features,  however,  patterning  of  Ni  dots  by  conventional  PMMA  lift-off  of 
evaporated  films  has  been  limited  so  far  to  about  150-nm  diameters.  Therefore,  we 
have  begun  the  development  of  bi-layer  lift-off  schemes  to  push  the  achievable  NP  size 
and  spacing  to  smaller  dimensions.  With  bi-layer  resist  schemes,  we  expect  to  realize  50- 
nm  metallic  dots  in  close-packed  arrays  with  our  EBL  system. 


Although  EBL  patterning  offers  process 
advantages  over  self-assembly,  the  size  limitation 
of  EBL  is  a  drawback.  Indeed,  the  capability  for 
achieving  precision  at  nanometer-scale 
dimensions  remains  a  key  motiation  for  DNA- 
directed  self-assembly.  The  NP  size  range  of  5-20 
nm  seems  optimal  for  our  experiments  since  this 
range  allows  the  magnetic  properties  Fe304  NP  to 
be  size-tuned  from  superparamagnetic  to 
ferromagnetic  in  the  temperature  range  of 
interest.  Furthermore,  for  optimal  control  of  the 
exchange  interaction,  the  NP  spacing  should 
correspond  to  the  second  node  of  the  exchange 
integral  J(x),  which  occurs  at  half  the  Fermi- 
wavelength  Af  according  to  simple  RKKY  theory. 

Taking  into  account  the  dependence  of  Af  on  the 
2DEG  density  and  the  accessible  density  range  in 
our  gated  structures,  5-20  nm  would  also  seems  be 
an  ideal  range  for  NP  spacing.  (Note  that  the 
optimal  spacing  in  MacDonald’s  DFT  calculations 
on  exchange  gating  of  cobalt  NP  on  graphene  is 
even  below  this  range,  however,  graphene  is  a 
special  case  due  to  its  bandstructure  and  the 
dependence  of  spacing  on  2DEG  density  was  not 
considered  in  those  calculations.) 

Although  the  5-20  nm  range  of  NP  size  and  spacing  is  below  the  50-100  nm  limit  for  EBL 
patterned  NP  arrays,  our  investigation  of  EBL-defined  arrays  with  larger  dimensions  is 
warranted  for  several  reasons.  First,  the  “optimal"  5-20  nm  range  is  a  rough  estimate 
based  the  density  dependence  of  the  wavevector  in  a  free-electron  model;  the  relevant 
wavevector  for  the  RKKY  model  is  strongly  bandstructure  dependent  and  could  be 
substantially  larger.  In  fact,  the  was  the  case  in  conventional  GMR,  where  the  optimal 
thickness  of  the  normal-metal  spacer  layer  in  conventional  multi-layer  devices  was 
found  to  be  5  to  10  times  that  originally  predicted  by  simple  RKKY  theory.  This  is 
attributed  to  the  fact  that  interzone  scattering  (Umklapp  process)  dominates  over  the 
intra-zone  scattering  for  spacer  materials  having  their  minima  near  the  Brillouin  zone 
edge.  Thus  materials  such  as  Al(0.3)Ga(0.7)As,  Ge,  and  even  Si  may  be  advantageous  for 
an  intial  proof  on  concept  in  large  EBL  defined  structures. 
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Figure  15.  Gel  electrophoresis  results 
(top)  and  AFM  images  (bottom)  of  2D  DNA 
crystals  synthesized  at  UC  Davis.  Crystals 
of  size  and  quality  comparable  to  those  of 
other  groups  have  now  been 
demonstrated  at  UC  Davis. 
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Although  the  work  at  UC  Davis  was  primiarily  focused  on  drop-cast  NP  arrays,  the 
fabrication  of  2D  DNA  crystals  was  successfully  demonstrated  during  the  last  work 
period  of  the  work  UC  Davis.  While  gel  electrophoresis  had  confirmed  good  DNA  tile 
formation  by  the  UC  Davis  group  earlier  in  the  project,  an  error  in  the  base  sequence  of 
one  of  the  strands  limited  hampered  large  2D  crystal  formation.  Once  the  error  was 
corrected,  crystals  of  dimensions  comparable  to  those  of  other  groups  were 
demonstrated  at  UC  Davis,  as  shown  in  Fig.  15.  Thus,  the  capability  for  using  DNA- 
directed  self-assembly  to  form  optimized  2D  NP  arrays  for  this  study  is  now  in  place  at 
UC  Davis. 
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Spectroscopic  studies  of  magnetic/coulombic  NP  arrays  (ES-2). 
Andrew  D.  Kent 


Kent's  research  in  this  project  focused  on  the  magnetic  characterization  of 
nanoparticle  (NP)  arrays.  The  main  method  Kent  used  was  ferromagnetic  resonance 
(FMR)  spectroscopy,  which  is  a  powerful  means  to  characterize  NP  particles  and 
their  interactions.  In  research  period  I,  Kent’s  group  demonstrated  that  the  sensitivity 
of  his  FMR  technique  (see  Fig.  1)  was  sufficient  to  characterize  drop-cast  close-packed 
arrays  of  Fe304  NPs  as  well  as  layers  only  4  NP  thick.  The  FMR  spectra  of  the  4-layer 
samples  were  similar  to  those  of  bulk  (drop  cast)  material.  It  was  determined  that 
improvements  in 

sensitivity  were  needed 
to  measure  monolayer 
samples  (i.e.,  strictly  2D 
arrays),  and  thus 
essential  for  the 
characterization  of 

biological  assembled 
layers,  as  these  would  be 
in  the  form  of  2D  arrays. 

Improvements  in  the  FMR 
sensitivity  required 
optimizing  the  coplanar 
waveguides  used 

(reducing  the  their  loss) 
for  these  experiments  as 
well  as  using  resonators, 
that  is,  waveguide 
structures  with  well- 
defined  transmission 
resonances.  Both 

methods  were  employed 
in  Period  II  of  the  project. 

In  research  period  II  we  focused  on  characterizing  2D  NP  arrays  (down  to  one 
monolayer  of  NPs),  produced  using  a  new  method  developed  by  Murray’s  group. 
Fe304  and  FePt  NP  samples  were  grown  in  a  layer-by-layer  fashion  by  Murray's  group, 
as  he  reported  in  Nature  in  2010.  A  drop  of  hexane  solution  with  either  Fe304  or  FePt 
nanocrystals  spreads  over  the  surface  of  diethylene  glycol  (DEG)  in  a  Teflon  well.  The 
hexane  is  evaporated  for  5-10  min  and  the  solution  formed  a  NP  film  supported  on  the 
DEG  subphase  surface.  The  transfer  of  the  NP  arrays  to  a  substrate  proceeded  as 
follows:  a  substrate  was  placed  under  the  floating  film  and  then  gently  lifted  up.  In  this 
way  the  silicon  substrate  became  coated  by  a  self-assembled  NP  of  Fe304  or  FePt 
nanocrystals.  We  repeated  the  process  several  times  with  the  same  substrate  to 


Figure  1  shows  the  coplanar  waveguide  technique  used  in 
experiments  on  NP  arrays.  A  substrate  with  NP  arrays  is 
mounted  "flip  chip"  on  a  waveguide  the  transmission  through 
the  waveguide  as  a  function  of  the  applied  field  is  used  to 
determine  the  resonance  condition—  when  the  microwave 
frequency  is  resonant  with  magnetic  excitation  in  the  layer. 
The  frequency  range  is  1  to  50  GHz. 
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obtain  different  number  of  NP  repeats.  We  studied  samples  with  1,2,4  and  8  layers  as 
well  as  bulk  (many-layer  drop  cast)  samples.  Transmission  electron  microscopy  (TEM) 
(Fig.  2a  and  b)  of  a  1-repeat  samples  showed  that  the  layer  is  continuous,  uniform  in 
thickness  and  forms  a  hexagonal  lattice  for  both  Fe304  and  FePt.  We  have  measured  the 
particle  size,  r,  and  the  distance  between  particles,  d,  and  obtained  for  the  Fe304,  rFeO 
=  4.65  nm  and  dFeO  =  11.30  nm  and  for  the  FePt  rFePt  =  3.50  nm  and  dFePt  =  9.50 
nm.  Figure  2c  shows  an  optical  image  a  set  of  Fe304  NP  samples  with  1,2,4  and  8 
repeats  (and  colors  are  uniform  and  the  changes  in  color  are  due  to  thin  film 
interference).  AFM  results  (Fig.  2d)  show  that  layers  packed  as  close  as  the 
particles  within  a  layer;  «  15  nm  per  layer  for  the  Fe3C>4  and  9  nm  for  the  FePt  (see  Fig. 
1). 

FMR  spectroscopy  was  conducted  with  frequencies  ranging  from  4  to  40  GHz  as  a 
function  of  the  applied  field  magnitude  and  angle  (see  Fig.  3  right  for  the  experiment 
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Figure  2:  (a]  and  (b)  TEM  images  of  Fe304  and  FePt  NP  arrays,  (c]  Optical  images  of 
Fe304  NPs  on  oxidized  Si  wafers,  (d)  Plots  of  the  layer  thickness  as  a  function  of  the 
number  of  repeats  determined  using  atomic  force  microscopy.  Insets  show  AFM  line  scans. 


geometry).  To  record  the  weak  signals  of  the  ultrathin  magnetic  layers  we  used  a 
coplanar  waveguide  (CPW)  with  a  smooth  signal  transmission  within  this  frequency 
range.  The  absorption  signal  was  recorded  with  the  sample  mounted  flip-chip  on  the 
CPW.  We  show  in  Fig.  2  (left-hand-side  panel)  the  spectra  at  fixed  frequency  for 
different  samples  with  different  numbers  of  monolayers.  The  signai-to-noise  improves 
with  the  number  of  monolayers  (i.e.,  with  the  volume  of  nanoparticles).  We  fitted  the 
FMR  data  to  determine  the  magnetic  characteristics  of  the  arrays. 
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Figure  3  Left:  FMR  spectra  at  22  GHz  for  Fe304  NP  arrays.  Right:  experiment 
geometry. 


Figure  4a  and  4b  shows  the  angular  dependence  (4*)  of  the  resonant  field  (Hr)  and  the 
corresponding  fits  to  the  data  for  Fe3(>4  samples.  The  inset  shows  the 
magnetization  angles  (tp)  as  a  function  of  the  applied  field  angle  (40.  We  have  also 
conducted  measurements  at  different  frequencies:  Figure  4c  shows  the  frequency 
dependence  (f)  of  the  resonant  field  (Hr)  for  a  configuration  with  an  applied  field 
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Figure  4  Resonance  field  as  a  function  of  angle  for  (a)  a  bulk 
(drop  cast  sample)  and  (b)  a  8  ML  sample,  (c)  Shows  the 
frequency  dependence  of  the  resonant  field  for  a  configuration 
with  an  applied  field  perpendicular  to  the  film  plane  (H1  =  0).  (d) 
Illustrates  the  sample  geometry. 
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Figure  5  Resonance  field  as  a  function  of  angle  for  an  8  ML  FePt  array.  The 
results  for  1,  2  and  4  MLs  are  similar. 


An  analysis  of  the  FMR  gives  the  array  parameters  shown  in  the  tables  to  the 
right  for  both  Fe304  and  FePt. 


In  both  cases  the  effective 
magnetization  increases  in 
ML  samples  relative  to  bulk 
drop  cast  samples,  but  is 
about  30%  less  than 
expected  for  the 

magnetization  density  of  the 
array.  This  is  one  of  the 
important  results  of  our  studies.  The  expected  magnetization  density  of  the 
array  is  based  on  considering  the  NP  array  as  an  effective  medium  with  a 
material  density  determined  by  the  particle  packing  density. 

The  improved  model — developed  in  this  project  by  McDonald — takes  into  account 
spatial  variations  of  the  magnetization  in  the  array  due  to  the  discreteness  of  the 
particles.  As  a  result  there  there  is  a  larger  magnetostatic  energy  when  the 
nanoparticles  are  magnetized  in  the  plane.  In  an  effective  medium  model  the 
magnetostatic  energy  is  zero  when  the  magnetization  is  in  the  sample  plane. 
As  a  result  the  effective  medium  model  overestimates  the  anisotropy  in  the 
FMR  response  as  a  function  of  field  angle,  also  giving  a  larger  effective 
magnetization.  McDonald  finds  that  a  lower  effective  magnetization  is  expected  in 
NP  arrays.  This  is  associated  with  a  non-negligible  magnetostatic  energy  of  arrays 
when  their  magnetization  is  in-plane.  As  described  in  section  TS-1  the  theory  fits 
the  FMR  data  well.  The  only  input  to  the  theory  is  the  magnetic  moment  of  the  NPs, 
which  we  take  from  bulk  data.  It  would  be  preferable  to  measure  the  magnetic 
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moment  per  particle — which  we  had  planned  to  do  but  were  not  able  to  complete 
within  this  project.  Nonetheless,  this  research  demonstrated  the  effect  of 
interparticle  dipole  interactions  on  the  FMR  response  of  NP  arrays  and 
provided  the  first  FMR  data  on  a  single  monolayer  of  magnetic  NPs. 
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Dynamic  studies  of  spin  transport  in  magnetic  NP  arrays  (ES-3). 
Kang  L.  Wang 

During  phase  I  of  this  project,  emphasize  was  put  on  investigating  the  possibility  of 
spinwave  propagation  through  an  ensemble  of  ferromagnetic  nanoparticles. 
Uniform  ferromagnetic  nanoparticles  in  the  size  range  of  less  than  ~  lOnm  were 
obtained  from  Murray’s  group.  At  these  size  ranges  the  particles  are 
superparamagnetic  at  roomtemperature.  A  process  for  depositing  these  particles 
onto  microstrip  antennas  for  spinwave  studies  were  developed  as  illustrated  in  Fig. 
1.  Ferromagnetic  nanoparticles  suspended  in  a  solvent  is  dropcast  onto  a  template 
of  microstrips.  Upon 
evaporation  of  the 
solvent,  the 

nanoparticles  form  a 
semic-random  closed 
packed  aggregate. 

Since  the 

nanoparticles  are 
coated  with  a  organic 
ligand  of  rougly  ~ 
lnm  thickness,  the 
smallest  edge  to  edge 
distance  between  the 
ferromagnetic 
nanoparticles 
achieved  is  ~  2nm. 

This  distance  is  too  far 
to  achieve  strong 
exchange  coupled 
particles,  however 
there  are  indications  of  weaker  dipole-dipole  interactions  as  evidenced  by 
superconducting  quantum  interference  device  (SQUID)  measurements  of  the 
dropcast  aggregates. 

Superparamagnetic  particles  are  characterized  by  the  Langevin  function 
M  =  MsL(x ), 

1 

L(x)  —  coth(x)  —  — , 
x  =  [iH/kBT 

where,  Ms  is  the  saturation  magnetization,  H  the  external  applied  magnetic  field  and 
kB  is  the  Boltzmann  constant.  As  Fig.  2.  shows,  the  SQUID  hysteresis  loops  of  the  Co 
nano  particle  aggregates  do  not  fit  the  langevin  equation.  Moreover,  the  hysteresis 


Au  micro  strips 
Quartz  wafer 


Deposition  of 
nanoparticles  by 
dropcasting 


Allow  solvent  to 
evaporate  to  form  a 
random  solid 
aggregate  of  nano 
particles 

Fig  1.  Process  of  forming  ferromagnetic  nanoparticles 
from  in  solution.  The  suspended  ferromagnetic  particles 
in  solutions  is  dropcast  onto  a  template  of  microstrips. 
Upon  evaporation  of  the  solvent,  the  nanoparticles  form  a 
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curve  shows  a  weak  coercive  field,  indicative  of  interacting  particles  rather  than 
pure  non-interacting  superparamagnetic  particles. 
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Fig  2.  Magnetic  hysteresis  loops  of 
nanoparticle  aggregates 


Fig.  3.  Spinwave  propagation 
measurements  across  microstrip  antennas 
separated  by  4  micrometer  and  covered 
by  superferromagnetic  nanopartricles 
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Due  to  the  very  weak  interaction  between  the  p 
spinwave  propagation  to  be  poor,  i.e.  highly  dampei 
measurements  confirm  very  weak  signal  to  noise 
separated  by  only  4  microns  apart  (see  Fig.  3). 
background  signal  before  dropcasting  the  nanopar 
nanoparticle  aggregate  is  barely  detectable.  The  v\ 
the  dispersion  for  surface  mode  spinwaves  (Damo 
The  fitting  to  the  data  is  shown  in  Fig.  4. 

The  spinwave  measurments  are  performed  on  aggi 
sets  of  nanoparticles  each  with  a  different  size, 
saturation  magnetization  can  be  extracted  from 
extracted  saturation  magnetization  values  are  showi 
Fig.  5.  summarizes  the  three  different  saturation  i 
from  the  spinwave  measurements  plotted  against  th 
shown  the  size  dependence  of  the  saturation  m 
empirical  equation: 


Fig.  4  The  resonance  features 
seen  in  fig.  3  fitted  to  surface 
mode  spinwave  dispersion 
formula 


MAP) 

Ms(Bulk) 


=  1  —  t/D 


where  t  is  a  fitting  parameter  and  D  is  the  diameter  of  the  nanoparticles. 

From  the  spinwave  propagation  measurements  performed  during  phase  I  of 
this  project,  it  was  concluded  the  damping  of  the  spinwaves  is  too  large  in  nano¬ 
aggregates  compared  to  thin  films  of  the  same  material.  In  order  to  lower  the 
damping  and  increase  the  spinwave  propagation  signal,  the  nanoparticles  needs  to 
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be  substantially  closer  to  each  other, 
i.e.  edge-to-edge  separation  of  ~0.2 
nm  rather  than  the  current  ~2  nm. 


For  phase  II,  an  alternative  approach 
to  study  the  multiparticle  interaction 
is  proposed  utilizing  multiferroic 
materials.  The  principle  is  illustrated 
in  fig.6.  A  magnetostrictive  layer  of 
Ni  is  deposited  on  top  of  a 
piezoelectric  substrate.  As  an  electric 
field  is  applied  across  the 
piezoelectric,  a  strain  response  is 
coupled  to  the  Ni  film  which  will 
change  its  magnetic  properties 
subject  to  its  magnetostriction  and 
the  strain  response. 

The  idea  is  to  replace  the  continuous  Ni  film  with  a  nanoparticle  aggregate.  A 
modification  of  the  strain  level  on  the  substrate  will  affect  both  the  magnetic 
nanoparticles  intrinsically  via  it’s  magnetostriction,  but  also  by  changing  the 
distance  between  the  nanoparticles  in  the  aggregate,  hence  affecting  their  inter¬ 
particle  interaction.  This  idea  is  illustrated  in  fig.  7.  By  integrating  nanoparticles 
into  a  piezoelectric  material,  the  mechanical  coupling  of  the  strain  response  from 
the  piezoelectric  to  the  nanoparticles  should  also  be  enhanced  compared  to 
laminate  film  structures. 


Fe304  nano  dots 


1/Diameter  (1/nm) 


Fig.  5.  Measured  saturation 
magnetization  as  a  function  of  the  inverse 
diameter  of  the  nanoparticles 
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Fig.  6.  Multiferroic  composite  laminate  of  Ni  on  top  of 
piezoelectric  substrate.  The  magneto-optical  Kerr 
effect  (MOKE)  measurements  reveal  a  change  in  the 
magnetic  hysteresis  loop  as  a  function  of  electric  field 
applied  across  the  piezoelectric 
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Fig.  7.  Illustration  of  using  magneto-restriction  to  control  the  particle 
interactions.  By  replacing  the  continuous  film  with  an  aggregate  of 
nanoparticles  to  form  a  multiferroic  composite,  it  is  expected  the 
multiferroic  coupling  should  be  improved. 


We  have  implemented  this  idea  in  various  nanoparticle  systems  by  developing 
novel  laminate  structure  consisting  of  piezoelectric  substrate  coated  with 
nanoparticle  aggregate  and  subsequently  covered  by  another  non  magnetic  metal 
layer  for  enhancing  the  mechanical  strain  coupling.  Using  the  described  approach 
with  Co  nanoparticles,  it  is  shown  an  electric  field  applied  across  the  piezoelectric 
does  indeed  modify  the  magnetic  hysteresis  curve  as  shown  in  fig.  8. 
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MOKE  measurements  show 
our  NP  assembly  of  Co  on 
piezoelectric  substrate  exhibit 
magneto  electric  coupling 


-2000  -1500  -1000  -500  0  500  1000  1500  2000 

Field  (Oe) 


PMa  (Wtem) 


Fig.  8.  Magneto  electric  coupling  for  Co  nanoparticle  aggregate  deposited  on 

top  of  a  piezoelectric  substrate. 


Although  these  results  are  very  promising  in  realizing  a  nanoparticle  system  with 
tunable  interactions,  the  magnetic  modulation  in  the  present  system  is  probably  not 
due  to  any  change  of  the  inter-particle  interaction.  Control  measurements  probing 
the  blocking  temperature  of  the  this  sample  at  different  electric  fields  did  not  reveal 
any  shifts,  supporting  the  interpretation  the  interparticle  interaction,  if  any,  is  not 
modulated  by  electric  fields. 

The  above  results  conclude  phase  II  of  the  spinwave  studies  of  nanoparticle 
aggregates.  The  conclusion  is  the  nanoparticles  needs  to  be  packed  closer  to  each 
other  in  order  to  form  a  strong  exchange  interaction  required  for  strong  spinwave 
signal.  If  such  system  can  be  found,  integration  of  such  particles  into  a  piezoelectric 
material  may  lead  to  a  tunable  interacting  system,  where  an  electric  field  can  be 
used  to  change  the  nature  of  the  coupling  mechanisms  between  the  nanoparticles  by 
simply  changing  their  edge-to-edge  separation. 
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Core/shell  NP  synthesis  (NP-1).  Christopher  B.  Murray 

ACCOMPLISHMENTS  PERIOD  1 

Quasicrystalline  order  in  self-assembled  binary  nanoparticle  superlattices 

Dmitri  V.  Talapin,  Elena  V.  Shevchenko,  Maryna  I.  Bodnarchuk,  Xingchen  Ye,  Jun  Chen 
&  Christopher  B.  Murray 
Nature  2009,  461,  964-967 

The  discovery  of  quasicrystals  in  1984  changed  our 
view  of  ordered  solids  as  periodic  structures  and 
introduced  new  long-rangeordered  phases  lacking  any 
translational  symmetry.  Quasicrystals  permit 
symmetry  operations  forbidden  in  classical 
crystallography,  for  example  five-,  eight-,  ten-  and 
12-fold  rotations,  yet  have  sharp  diffraction  peaks. 

Intermetallic  compounds  have  been  observed  to  form 
both  metastable  and  energetically  stabilized 
quasicrystals;  quasicrystalline  order  has  also  been 
reported  for  the  tantalum  telluride  phase  with  an 
approximate  Ta^Te  composition.  Later,  quasicrystals 
were  discovered  in  soft  matter,  namely 
supramolecular  structures  of  organic  dendrimers  and 
tri-block  copolymers8,  and  micrometre-sized 
colloidal  spheres  have  been  arranged  into 
quasicrystalline  arrays  by  using  intense  laser  beams 
that  create  quasi-periodic  optical  standing-wave 
patterns.  Here  we  show  that  colloidal  inorganic 
nanoparticles  can  self-assemble  into  binary  aperiodic 
superlattices.  We  observe  formation  of  assemblies 
with  dodecagonal  quasicrystalline  order  in  different 
binary  nanoparticle  systems:  13.4-nm  Fe2C>3  and  5-nm 
Au  nanocrystals,  12.6-nm  FesCL  and  4.7-nm  Au  nanocrystals,  and  9-nm  PbS  and  3-nm 
Pd  nanocrystals.  Such  compositional  flexibility  indicates  that  the  formation  of 
quasicrystalline  nanoparticle  assemblies  does  not  require  a  unique  combination  of 
interparticle  interactions,  but  is  a  general  sphere-packing  phenomenon  governed  by  the 
entropy  and  simple  interparticle  potentials.  We  also  find  that  dodecagonal 
quasicrystalline  superlattices  can  form  low-defect  interfaces  with  ordinary  crystalline 
binary  superlattices,  using  fragments  of  (33.42)  Archimedean  tiling  as  the  ‘wetting  layer’ 
between  the  periodic  and  aperiodic  phases. 


a,  Interface  between  the 
dodecagonal  quasicrystalline  phase 
and  the  AlB2-type  binary 
superlattice  self-assembled  from 
13.4-nm  Fe203  and  5-nm  Au 
nanociystals.  b,  Transition  from  the 
dodecagonal  quasicrystalline  phase 
to  the  CaBe-type  binary  superlattice 
of  12.6-nm  FesOt  and  4.7-nm  Au 
nanociystals  is  facilitated  by  the 
presence  of  a  'wetting  layer'  of 
(33.42)  Archimedean  tiling.  C, 
Space-filling  factors  caluclated  for 
the  AIB2  and  CaBe  structures. 


Binary  Nanocrystal  Superlattice  Membranes  Self-assembled  at  the  Liquid-Air 
Interface 


Angang  Dong,  Jun  Chen,  Patrick  M.  Vora,  James  M.  Kikkawa  &  Christopher  B.  Murray 
Nature  2010,  466,  474-477 
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ABSTRACT:  The  spontaneous  organization  of  multicomponent  micrometer  sized 
colloidal  or  nanocrystals  into 
superlattices  is  of  scientific  importance 
for  understanding  the  assembly  process 
on  the  nanometer  scale  and  is  of  great 
interest  for  bottom-up  fabrication  of 
functional  devices.  In  particular,  co¬ 
assembly  of  two  types  of  nanocrystal  into 
binary  nanocrystal  superlattices  (BNSLs) 
has  recently  attracted  significant 
attention,  as  this  provides  a  low  cost, 
programmable  way  to  design 
metamaterials  with  precisely  controlled 
properties  that  arise  from  the  organization 
and  interactions  of  the  constituent 
nanocrystal  components.  Although 
challenging,  the  ability  to  grow  and 
manipulate  large-scale  BNSLs  is  critical  for  extensive  exploration  of  this  new  class  of 
material.  Here  we  report  a  general  method  of  growing  centimetre-scale,  uniform 
membranes  of  BNSLs  that  can  readily  be  transferred  to  arbitrary  substrates.  Our  method 
is  based  on  the  liquid-air  interfacial  assembly  of  multicomponent  nanocrystals  and 
circumvents  the  limitations  associated  with  the  current  assembly  strategies,  allowing 
integration  of  BNSLs  on  any  substrate  for  the  fabrication  of  nanocrystal-based  devices. 
We  demonstrate  the  construction  of  magnetoresistive  devices  by  incorporating  large-area 
(1.5  mm  *  2.5  mm)  BNSL  membranes;  their  magnetotransport  measurements  clearly 
show  that  device  magnetoresistance  is  dependent  on  the  structure  (stoichiometry)  of  the 
BNSLs.  The  ability  to  transfer  BNSLs  also  allows  the  construction  of  free-standing 
membranes  and  other  complex  architectures  that  have  not  been  accessible  previously. 


Schematic  of  the  binary  nanocrystal  superlattice 
membrane  growth  and  transfer  processes.  The 
photograph  shows  a  typical  binary  nanocrystal 
superlattice  membrane  transferred  to  Si02-Si 
wafer. 


Collective  Dipolar  Interactions  in  Self-Assembled  Magnetic  Binary  Nanocrystal 
Superlattice  Membranes 
Jun  Chen,  Angang  Dong,  Jing 
Cai,  Xingchen  Ye,  Yijin  Kang, 

James  M.  Kikkawa,  and 
Christopher  B.  Murray 
Nano  Lett.  2010,  10,  5103-5108 
ABSTRACT:  Co-assembly  of 
two  types  of  nanocrystals  (NCs) 
into  binary  NC  superlattices 
(BNSLs)  provides  a  solution- 
based,  inexpensive  way  to  create 
novel  metamaterials  with 
rationally  designed  properties. 

The  fundamental  challenge  is  to 
probe  and  understand  the  nature 


Left:  TEM  image  of  icosahedral-AB  13-type  binary  nanocrystal 
superlattice  membrane  self-assembled  from  14.3  nm  and  7.2 
nm  Fe304  NCs.  Right:  Linear  superposition  ZFC/FC  curves 
and  experimental  ZFC/FC  curves  of  the  phase-separated 
mixtures  consisting  of  14.3  nm  and  7.2  nm  Fe3<)4  NCs  with 
the  NC  number  ratio  of  1:13  and  ZFC/FC  curves  of  the 
icosahedral-AB  13-type  binary  nanocrystal  superlattice 
membrane  self-assembled  from  14.3  and  7.2  nm  FesCU  NCs. 
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and  extent  of  complex  interparticle  interactions  present  in  BNSLs,  which  can  lead  to 
collective  properties  that  differ  from  their  dispersed  constituents  or  phase-separated 
counterparts.  Here,  we  report  the  growth  and  magnetic  characterization  of  large-area  (~1 
cm2)  BNSL  membranes  self-assembled  from  distinct  magnetic  NCs  at  the  liquid-air 
interface.  The  resulting  BNSL  membranes  exhibit  a  single-phase-like  magnetization 
alignment  process,  which  is  not  observed  in  the  phase-separated  NC  mixtures  having  the 
same  stoichiometry.  This  single-phase-like  magnetic  behavior  is  attributed  to  the 
collective  interparticle  dipolar  interactions  between  two  NC  components  in  BNSLs, 
corroborated  by  calculation  of  the  random  dipolar  fields  as  well  as  Monte  Carlo 
simulation.  The  collective  magnetic  properties  are  demonstrated  in  magnetic  BNSL 
membranes  having  different  structures  (stoichiometry)  and  different  NC  combinations. 


Systematic  Electron  Crystallographic  Studies  of  Self-Assembled  Binary 
Nanocrystal  Superlattices 
Jun  Chen,  Xingchen  Ye,  &  Christopher  B. 

Murray 

Acs  Nano  2010,  4,  2374-2381 
ABSTRACT:  Multicomponent  nanocrystal 
assemblies  have  received  great  attention  due 
to  their  fundamental  role  in  the  study  of  self- 
assembly  and  novel  physical  properties 
arising  from  particle  interactions.  Here,  we 
report  the  formation  of  the  first  binary 
nanocrystal  superlattices  (BNSLs)  consisting 
of  different-sized  Fe304  nanociystals.  We 
establish  a  framework  to  systematically  study 
the  structure  of  BNSLs  using  a  dual-axis 
tomography  TEM  holder.  The  tilt  series 
obtained  not  only  allows  us  to  map  the  three- 
dimensional  (3D)  structure  of  icosahdedral 
AB,3  (ico-ABn)  and  AlB2-type  BNSLs  but 
also  uncovers  the  structural  differences 
among  the  projections  of  ico-ABn, 
cuboctahedral  ABn  (cub-ABn),  and  AIB2.  This  structural  characterization  method  is 
general  and  is  important  for  further  exploration  of  structural  diversity  in  BNSLs  and  in 
the  development  of  rigorous  structure  property  relationships  in  BNSLs.  The  formation  of 
ico-ABn  and  AIB2  BNSLs  from  electrostatically  neutral  Fe3C>4  nanoparticles  is  consistent 
with  the  space-filling  principles  and  further  supports  entropy  as  the  dominant  factor 
during  the  growth  of  these  BNSLs. 


Series  tilted  TEM  images,  electron  diffraction 
patterns,  structural  model  and  simulated  electron 
diffraction  patterns  of  icosahedral-ABi3  binary 
nanocrystal  superlattices  composed  of  5.6  and 
10.5  nm  Fe304  NCs.  The  tilt  series  starts  from 
[001]  zone  axis  and  tilts  around  [100]  direction. 
Tilting  sequence: 

[001] ->[01 5] ->[01 3] ->[01 2] ->[035] ->[011] 
zone  axis.  All  scale  bars  are  20  nm. 


ACCOMPLISHMENTS  PERIOD  2 


A  Generalized  Ligand-Exchange  Strategy  Enabling  Sequential  Surface 
Functionalization  of  Colloidal  Nanocrystals 
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Angang  Dong,  Xingchen  Ye,  Jun  Chen,  Yijin  Kang,  Thomas  Gordon,  James  M. 
Kikkawa,  and  Christopher  B.  Murray 
J.  Am.  Chem.  Soc.  2011,  133,  998-1006 
ABSTRACT:  The  ability  to 
engineer  surface  properties 
of  nanocrystals  (NCs)  is 
important  for  various 
applications,  as  many  of  the 
physical  and  chemical 
properties  of  nanoscale 
materials  are  strongly 
affected  by  the  surface 
chemistry.  Here,  we  report  a 
facile  ligand-exchange 
approach,  which  enables 
sequential  surface 

functionalization  and  phase  transfer  of  colloidal  NCs  while  preserving  the  NC  size  and 
shape.  Nitrosonium  tetrafluoroborate  (NOBF4)  is  used  to  replace  the  original  organic 
ligands  attached  to  the  NC  surface,  stabilizing  the  NCs  in  various  polar,  hydrophilic 
media  such  as  N,N-dimethylformamide  for  years,  with  no  observed  aggregation  or 
precipitation.  This  approach  is  applicable  to  various  NCs  (metal  oxides,  metals, 
semiconductors,  and  dielectrics)  of  different  sizes  and  shapes.  The  hydrophilic  NCs 
obtained  can  subsequently  be  further  functionalized  using  a  variety  of  capping  molecules, 
imparting  different  surface  functionalization  to  NCs  depending  on  the  molecules 
employed.  Our  work  provides  a  versatile  ligand-exchange  strategy  for  NC  surface 
functionalization  and  represents  an  important  step  toward  controllably  engineering  the 
surface  properties  of  NCs. 
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Left:  Photographs  of  colloidal  dispersions  of  Fe304  NCs  before  and 
after  Nitosonium  tetrafluoroborate  (NOBF4)  treatment,  and  a 
secondary  ligand-exchange  reaction,  showing  that  the  BFv  modified 
NCs  initially  dispersed  in  the  bottom  N,N-dimethylformamide 
(DMF)  layer  are  transferred  to  Jhe  upper  hexane  layer  upon  the 
addition  of  organic  ligands.  Right:  Schematic  illustration  of  the 
ligand-exchange  process  with  NOBF4. 


Enhanced  Thermal  Stability  and  Magnetic  Properties  in  NaCl-Type  FePt-MnO 
Binary  Nanocrystal  Superlattices 
Angang  Dong,  Jun  Chen, 

Xingchen  Ye,  James  M. 

Kikkawa,  and  Christopher  B. 

Murray 

J.  Am.  Chem.  Soc.  2011,  133, 

13296-13299 

ABSTRACT:  We  report  the 
growth  of  NaCl-type  binary 
nanocrystal  (NC)  superlattice 
membranes  by  coassembly  of 
FePt  and  MnO  NCs  at  the 
liquid_air  interface.  The 
constituent  FePt  NCs  were 
converted  into  the  hard  magnetic 
Lio  phase  by  thermal  annealing 


Left:  TEM  image  of  the  thermally  annealed  NaCl- 
type  FePt-MnO  binary  nanocrystal  suepralttice 
membrane.  Right:  Room-temperature  hysteresis 
loops  of  the  NaCl-type  FePt-MnO  binary 
nanocrystal  superlattice  membranes  before  and 
after  annealing. 


36 


at  650  °C  without  degradation  of  the  long-range  NC  ordering.  In  contrast,  both  FePt-only 
NC  superlattices  and  FePt-MnO  disordered  NC  mixtures  showed  substantial  FePt 
sintering  under  the  same  annealing  conditions.  Our  results  demonstrate  that  the 
incorporation  of  FePt  NCs  into  binary  superlattices  can  solve  the  problems  of  FePt 
sintering  during  conversion  to  the  Lio  phase,  opening  a  new  route  to  the  fabrication  of 
ordered  ferromagnetic  NC  arrays  on  a  desired  substrate  for  high-density  data  storage 
applications. 


Multiscale  Periodic  Assembly  of  Striped  Nanocrystal  Superlattice  Films  on  a  Liquid 
Surface 

Angang  Dong,  Jun  Chen,  Soong  Ju 
Oh,  Weon-kyu  Koh,  Faxian  Xiu, 

Xingchen  Ye,  Dong-Kyun  Ko,  Kang 
L.  Wang,  Cherie  R.  Kagan,  and 
Christopher  B.  Murray 
Nano  Lett.  2011, 11,  841-846 
ABSTRACT:  Self-assembly  of 

nanocrystals  (NCs)  into  periodically 
ordered  structures  on  multiple  length 
scales  and  over  large  areas  is  crucial 
to  the  manufacture  of  NC -based 
devices.  Here,  we  report  an  unusual 
yet  universal  approach  to  rapidly 
assembling  hierarchically  organized 
NC  films  that  display  highly  periodic, 


Left-top:  Photograph  of  a  SiCh/Si  wafer  coated  with  a  10  nm 
Fe304  NC  film,  showing  the  strong  iridescent  colors  from  the 
supported  film.  Left-bottom:  Diffraction  of  a  532  nm  laser 
beam  by  a  striped  film  transferred  to  a  glass  slide.  Right: 
Optical  micrograph  of  the  supported  film,  showing  the  highly 
periodic  stripe  pattern  persisting  over  a  large  area. 


tunable  microscale  stripe  patterns  over  square  centimeter  areas  while  preserving  the  local 
superlattice  structure.  Our  approach  is  based  on  a  drying-driven  dynamic  assembly 
process  occurring  on  a  liquid  surface  with  the  stripe  pattern  formed  by  a  new  type  of 
contact-line  instability.  Periodic  ordering  of  NCs  is  realized  on  microscopic  and 
nanoscopic  scales  simultaneously  without  the  need  of  any  specialized  equipment  or  the 
application  of  external  fields.  The  striped  NC  superlattice  films  obtained  can  be  readily 
transferred  to  arbitrary  substrates  for  device  fabrication.  The  periodic  structure  imparts 
interesting  modulation  and  anisotropy  to  the  properties  of  such  striped  NC  assemblies. 
This  assembly  approach  is  applicable  to  NCs  with  a  variety  of  compositions,  sizes,  and 
shapes,  offering  a  robust,  inexpensive  route  for 
large-scale  periodic  patterning  of  NCs. 


Two-Dimensional  Binary  and  Ternary 
Nanocrystal  Superlattices:  The  Case  of 
Monolayers  and  Bilayers 

Angang  Dong,  Xingchen  Ye,  Jun  Chen,  and 

Christopher  B.  Murray 

Nano  Lett.  2011,  11,  1804-1809 


Left:  HRSEM  image  of  an  A B -type  binary 
nanocrystal  superlattice  monolayer  self- 
assembled  from  16.5  nm  Fe304  and  6.4  nm  Au 
NCs.  The  upper  left  inset  shows  a  photograph 
of  a  Si02/Si  wafer  coated  with  a  typical  AB- 
type  binary  nanocrystal  superlattice 
membrane.  Right:  HRSEM  image  of  a  ternary 
nanocrystal  superlattice  bilayer  self- 
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ABSTRACT:  The  modular  assembly  of  multicomponent  nanocrystal  (NC)  superlattices 
enables  new  metamaterials  with  programmable  properties.  While  self-assembly  of  three- 
dimensional  (3D)  binary  NC  superlattices  (BNSLs)  has  advanced  significantly  in  the  past 
decade,  limited  progress  has  been  made  to  grow  2D  BNSLs  such  as  monolayers  and 
bilayers  over  extended  areas.  Here,  we  report  the  growth  of  large-area  (~  1  cm2), 
transferable  BNSL  monolayers  using  the  liquid-air  interfacial  assembly  approach.  The 
BNSL  monolayers  are  formed  by  an  entropy -driven  assembly  process  with  structures 
tunable  by  varying  the  NC  size  ratio.  We  further  demonstrate  the  liquid-air  interfacial 
assembly  of  BNSL  bi layers  which  exhibit  unique  superlattice  structures  that  have  not 
been  observed  in  the  3D  BNSLs.  As  a  further  extension,  bilayered  ternary  NC 
superlattices  (TNSLs)  are  obtained  by  the  cocrystallization  of  three  types  of  NCs  at  the 
liquid-air  interface. 


Polymorphism  in  Self- Assembled  AB*  Binary  Nanocrystal  Superlattices 
Xingchen  Ye,  Jun  Chen,  and  Christopher  B.  Murray 
J.  Am.  Chem.  Soc.  2011,  133, 2613-2620 
ABSTRACT:  We  report  the  formation 
and  systematic  structural  characterization 
of  a  new  AB6  polymorph  with  the  body 
centered  cubic  (bcc)  symmetry  in  binary' 
nanocrystal  superlattices  (BNSLs).  The 
bcc-AB6  phase,  lacking  any  atomic 
analogue,  is  isomorphic  to  certain  alkali- 
metal  intercalation  compounds  of 
fullerene  C6o  (e.g.,  K6C6o)-  On  the  basis  of 
the  space-filling  principle,  we  further 
tailor  the  relative  phase  stability  of  the 
two  AB6  polymorphs — CaB6  and  bcc- 
AB6 —  from  coexistence  to  phase-pure  bcc-ABg,  highlighting  the  entropic  effect  as  the 
main  driving-force  of  the  self-organization  of  BNSLs.  We  also  discuss  the  implication  of 

surface  topology  studies  and  the  observation  of 
twinning  and  preferential  orientation  in  bcc-AB6 
on  the  growth  mechanism  of  BNSLs. 
Furthermore,  the  connection  between  the  bcc- 
AB6  phase  and  the  (32.4.3.4)  Archimedean  tiling 
shows  the  promise  of  further  exploration  on  the 
structural  diversity  (both  periodic  and  aperiodic) 
in  this  emerging  class  of  metamaterials.  The 
identification  and  the  ability  to  tune  the  relative 
phase  stability  of  polymorphic  structures  provide 
a  unique  opportunity  to  engineer  the  interparticle 
coupling  through  controlled  clustering  and/or 
interconnectivity  of  sublattice  in  BNSLs  with 
identical  stoichiometry. 


TEM  images  of  the  p-NaYF4-based 
upconversion  nanoparticles  with  different 
doping  levels.  (A,D,G,J)  NaYF4:Yb/Er  (20/2 
mol%).  (B,E,H,K)  NaYF4:Yb/Tm  (22/0.2 
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Left:  Space-filling  curves  of  CaB6  and  bcc-AB6 
structures.  Right:  TEM  images  of  CaB6  (upper)  and 
bcc-ABe  (bottom)  binary  nanocrystal  superlattices 
self-assembled  from  4.6  nm  Au  and  14.0  nm  Fe304 
NCs. 
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Morphologically  controlled  synthesis  of  colloidal  upconversion  nanophosphors  and 
their  shape-directed  self-assembly 

Xingchen  Ye,  Joshua  E.  Collins,  Yijin  Kang,  Jun  Chen,  Daniel  T.  N.  Chen,  Arjun  G. 

Yodh,  and  Christopher  B.  Murray 

Proc.  Natl.  Acad  Sci.  U.  S.  A.  2010,  107,  22430-22435 

ABSTRACT:  We  report  a  one-pot  chemical  approach  for  the  synthesis  of  highly 
monodisperse  colloidal  nanophosphors  displaying  bright  upconversion  luminescence 
under  980  nm  excitation.  This  general  method  optimizes  the  synthesis  with  initial  heating 
rates  up  to  100  °C/ minute  generating  a  rich  family  of  nanoscale  building  blocks  with 
distinct  morphologies  (spheres,  rods,  hexagonal  prisms,  and  plates)  and  upconversion 
emission  tunable  through  the  choice  of  rare  earth  dopants.  Furthermore,  we  employ  an 
interfacial  assembly  strategy  to  organize  these  nanocrystals  (NCs)  into  superlattices  over 
multiple  length  scales  facilitating  the  NC  characterization  and  enabling  systematic  studies 
of  shape-directed  assembly.  The 

global  and  local  ordering  of  these  superstructures  is  programmed  by  the  precise 
engineering  of  individual  NC’s  size  and  shape.  This  dramatically  improved 
nanophosphor  synthesis  together  with  insights  from  shape-directed  assembly  will 
advance  the  investigation  of  an  array  of  emerging  biological  and  energy-related 
nanophosphor  applications. 


Synthesis  and  Oxygen  Storage  Capacity  of  Two- 
Dimensional  Ceria  Nanocrystals 

Dianyuan  Wang,  Yijin  Kang,  Vicky  Doan-Nguyen,  Jun 

Chen,  Rainer  Kiingas,  Noah  L.  Wieder,  Kevin  Bakhmutsky, 

Raymond  J.  Gorte,  and  Christopher  B.  Murray 

Angew.  Chem.  Int.  Ed.  2011,  50,  4378-4381 

Ceria  has  been  widely  used  in  catalysis,  optics,  sensors,  and 

solid  oxide  fuel  cells.  Due  to  its  high 

oxygen  storage  capacity  (OSC),  which  originates  from  easy 
conversion  between  Ce02  and  ce02-x,  ceria  has  found  its 
primaiy  utilization  in  catalysis  as  an  oxygen  carrier.  Ceria 
nanomaterials  with  various  morphologies,  mainly  polyhedra, 
have  been  reported.  Recently,  ID  ceria  nanostructures,  such 
as  nanowires,  have  also  been  reported.However,  with  the 
exception  of  one  report  on  the  preparation  of  nanosheets, 
well-controlled  2D  ceria  nanomaterials  have  not  been 
explored  and  the  comparison  of  the  OSC  properties  between 
3D  and  2D  structures  has  not  been  possible.  On  the  other 
hand,  the  different  properties  of  the  (100),  (110),  and  (111) 
ceria  facets  has  been  debated.  There  is  no  consensus  on 
whether  crystallographic  orientation  or  particle  size  affects 
reactivities.  Therefore,  high-quality  ceria  nanocrystals 
selectively  exposing  different  low  Miller-index  surfaces,  are 
crucial  to  enabling  experiments  that  resolve  the  controversy. 
Here  we  report  a  simple,  robust  solution-phase  synthesis  of 


TEM  images  of  a)  square 
ceria  nanoplates,  c]  stacking 
square  ceria  nanoplates,  e] 
elongated  ceria  nanoplates, 
and  d]  stacking  elongated 
ceria  nanoplates;  electron 
diffraction  patterns  of  b] 
square  ceria  nanoplates  and 
f)  elongated  ceria 
nanoplates;  HRTEM  images 
of  d]  square  ceria 
nanoplates  and  h)  elongated 
ceria  nanoplates.  Scale  bars: 
a,c]  100  nm,  e,g]  200  nm, 
d,h]  5  nm. 
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ultrathin  ceria  nanoplates  in  the  presence  of  mineralizers.  The  morphology  of  nanoplates 
can  be  easily  controlled  by  changing  reaction  parameters,  such  as  precursor  ratio,  reaction 
time,  etc.  In  addition,  we  also  prepare  ceria  nanomaterials  in  various  3D  morphologies  by 
hydrothermal  and  combustion  methods.  The  OSC  of  our  2D  ceria  materials  have  been 
tested  and  compared  to  the  OSC  of  their  3D  counterparts. 
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Functionalization  and  attachment  of  NP  (NP-2).  Colin  Nuckolls 


The  Nuckolls  group  has  focused  its  efforts  on  designing,  synthesizing,  and  studying 
molecules  that  could  be  used  as  molecular  wires  to  link  particles  to  each  other  and 
to  link  particles  to  surfaces  such  as  GaAs  and  InGaAs.  For  these  studies  we  have 
collaborated  with  the  Murray  group  for  the  Fe203  particles  and  for  the  attachment  to 
GaAs  and  InGaAs  we  have  collaborated  with  Christopher  Murray. 

We  have  developed  a  new  type  of  molecular  wire  that  is  completely  tunable  and 
bears  functional  groups  that  allows  them  to  assemble  on  surfaces.  These  molecular 
wires  are  noteworthy  because  they  are  molecularly  defined,  atomically  precise 
fragments  of  polyacetylene  (PA,  Figure  la).  PA  is  remarkable  because  it  is  a  simple 
hydrocarbon  polymer  that  is  highly  conductive  when  doped.1  It  also  has  a  low  band 
gap  and  shows  large  nonlinear  optical  susceptibilities.2  The  hypothesis  that  we 
followed  in  the  MURI  studies  was  that  since  the  fully  conjugated  high  polymer  is 
electrically  conductive,  then  the  well-defined  oligomers,  hereafter  referred  to  as 
oligoenes,  should  be  useful  molecular  conductors  in  nanoscale  situations.  These 
oligoenes  are  good  choices  because  they  are  related  to  naturally  occurring 
molecules,  such  as  carotenoids,  that  have  been  made  into  electrical  devices  and  are  a 
known  to  have  useful  optical  properties.  It  is  difficult  to  tune  these  molecules 
because  of  the  limited  number  of  structures  nature  provides.3 

(a)  Pofyacetytene  (PA)  (b)  ^uj-diphenyt-oligDant  (DPO) 

^  qhP 
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n  *  7.  0PO7 
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Figure  1.  Structure  of  (a)  Polyacetylene  (PA),  (b)  Structure  of  000-diphenyl- 
oligoenes  (DPO),  which  are  regarded  as  control  molecules  for  comparison  with 
DPDCs.  (c)  Structure  of  cyano-functionalized  oligoenes,  DPDCs.  Oligoene  molecules 
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are  identified  according  to  their  aryl  end-group  (X),  and  length  of  their  linear 
conjugated  backbone  (it);  DPDCn-X.  For  instance,  l,10-di-(4-bromophenyl)-4,7- 
dicyano-deca-l,3,5,7,9-pentaene  is  referred  to  as  DPDC5-Br. 

Three  major  challenges  have  hampered  the  development  of  oligoenes  as  electronic 
materials:  (1)  The  most  thoroughly  studied  examples  of  PA  oligomers  have  been 
prepared  by  the  painstaking  isolation  of  individual  oligomers  from  polymerization 
reactions  that  have  been  carried  out  only  at  low  monomer  conversion.4  (2)  Previous 
preparative  methods  have  not  supported  functionalization,  and  therefore  the 
incorporation  of  the  oligoenes  into  electronic  devices,  such  as  the  ones  proposed  in 
the  MURI  program,  is  limited.  (3)  Oligomers  of  PA  are  chemically  impractical 
because  they  are  nearly  insoluble  and  oxidatively  unstable.  For  the  MURI  program 
we  developed  a  new  synthetic  strategy  detailed  below  for  the  a,o)-diphenyl-p,v- 
dicyanooligoenes5  (DPDC),  and  are  pleased  to  report  that  we  have  overcome  these 
challenges.  The  key  to  this  synthesis  is  the  incorporation  of  sterically  innocent  yet 
electronically  stabilizing  nitrile  side-groups  along  the  oligoene  chain  and  by 
terminating  the  chain  with  phenyl  groups.  Phenyl  groups  protect  the  reactive 
terminal  olefins6  and  can  be  easily  installed  with  a  large  diversity  of  functional 
groups.7  These  studies  highlight  the  versatility  and  adaptability  of  these  new 
electronic  materials  by  using  self-assembled  monolayers  of  appropriately 
functionalized  oligo-enes  as  electrical  conduits  that  structurally  connect  magnetic 
nanoparticles  to  a  semiconductor  surface.  This  will  be  crucial  for  the  MURI  program 
going  forward. 

There  have  been  several  methods  used  in  the  literature  to  stabilize  oligoenes. 
Some  protect  the  highly  reactive  terminal  olefins  with  bulky  end-groups  such  as 
phenyl6  or  tert- butyl.8-9  Other  than  such  hydrocarbon-end-capped  oligoenes, 
however,  there  are  few  other  examples  of  non-carotenoid  a,(o-disubstituted 
oligoenes  longer  than  pentaenes.10-11  We  felt  that  for  the  MURI  program  these  would 
be  highly  desirable  because  as  is  shown  below  it  is  the  longer  oligomers  that  have 
the  smallest  band  gaps.  In  nature  there  are  methods  of  oligoene  stabilization: 
carotenoids  are  the  most  well-studied  oligoenes  since  they  play  essential  roles  in 
vision  (retinol),  cell  division  (retinal)  and  photosynthesis.12  In  these  molecules 
methyl  groups  decorate  the  oligoene  backbone  and  make  them  both  more  soluble 
and  more  stable.  However,  the  methyl  groups  collide  with  the  allylic  hydrogens  on 
the  backbone  and  distort  the  backbone  from  planarity,  thus  widening  the  energy 
difference  between  the  highest  occupied  molecular  orbital  (HOMO)  and  lowest 
unoccupied  molecular  orbital  (LUMO).  Since  we  want  small  band  gaps  for  the  MURI 
project,  we  sought  small  and  synthetically  available  substituents  that  could 
nevertheless  confer  stability.  Cyano  groups  fulfill  these  requirements:  they  are 
sterically  unintrusive,  Ti-electron  withdrawing  groups  (EWG)  and  not  bulky  enough 
to  disrupt  molecular  planarity.13  Since  they  are  strongly  electron  withdrawing14  they 
should  lower  the  energies  of  the  frontier  (it)  orbitals  and  therefore  reduce  the 
likelihood  of  oligoene  oxidation.  As  an  ultimate  benefit  they  enable  an  economical 
synthesis  that  allows  for  easy  end-group  functionalization. 

Synthesis.  The  nexus  of  our  synthesis  of  the  oligoenes  is  the  Knoevenagel 
condensation15  between  l,4-dicyano-2-butene  and  two  equivalents  of  the 
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appropriate  aryl-enal  [Scheme  1).  We  prepare  the  aryl-enals  starting  from  the 
analogous  benzaldehyde  or  trans-cinnamaldehyde  via  iterative  Wittig 
homologations16  and  concomitant  acid  hydrolysis  of  the  intermediate  acetal.  Both 
the  Knoevenagel  and  Wittig  reactions  tolerate  a  wide  variety  of  functionality  that 
can  furnish  a  range  of  derivatives.  We  show  in  Figure  1  those  derivatives  that  we 
have  already  prepared. 

Scheme  1.  Synthesis  of  DPDCs  via  Wittig  Reaction  and  Double-Knoevanegel 
Condensation  Reaction. 


♦ 

BrPh3P-  >  O 


(a) 


CN  .  .  CN 

v{Sr°  +  — -  Ar-N^r^MSnAr 

CN  CN 

[a)  LiOMe,  THF,  75e  C,  12-24  h.  (b)  10%  aq.  HC1,  25e  C,  2  h  (70-98%).  (c)  NaOMe  (or 
DBU),  MeOH,  25°  C,  6-12  h,  (10-60%). 


In  order  to  verify  the  practical  value  of  the  cyano  substitution,  we  have  also 
prepared  the  corresponding  oligoenes  that  lack  the  cyano  groups.  They  were 
synthesized  by  Horner-Wadsworth-Emmons  reaction17  as  described  by  Spangler 
and  coworkers.10  The  dicyano-oligoenes  are  sufficiently  less  reactive  than  their 
unsubstituted  relatives  such  that  we  can  conveniently  study  them  under  normal 
aerobic  laboratory  conditions  for  extended  periods.18  The  thermal  stability  of  these 
dicyano-oligoenes  is  similar  to  that  of  the  tetrakis-t-butyl-functionalized  oligoenes 
reported  by  Jones  and  coworkers9  and  far  higher  than  that  of  the  methyl  and 
unfunctionalized  analogs.19  Differential  scanning  calorimetry  shows  that  all 
members  of  the  parent  series  DPDC3-DPDC13  are  thermally  stable  up  to  250°  C 
under  an  inert  atmosphere.  For  a  direct  comparison  we  photo-oxidatively 
decomposed  both  DP05  and  DPDC5  in  a  side-by-side  experiment;  the  unsubstituted 
material  decomposed  four  times  faster  than  the  dicyano  material.20 
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Figure  2.  (a)  UV-vis  absorption  spectra  of  the  parent  oligoene  series  (DPDC3- 
DPDC13)  in  CH2CI2.  Plot  of  extinction  vs.  absorption  wavelength.  Xmax  (from  left  to 
right)  at  363,  418,  459,  499,  513,  and  536  nm;  increasing  the  length  of  oligomers 
tunes  the  optical  absorptions  over  a  range  of  350  nm.  (b)  UV-vis  absorption  spectra 
of  oligoene  derivatives  in  CH2CI2;  DP05  (orange),  DPDC5  (red),  DPDC5-SMe 
(purple),  DPDC5-NO2  (blue)  and  DPDC5-NMe2  (black).  Absorptions  have  been 
normalized. 

Band-gap  Engineering.  Despite  providing  stabilization  to  the  oligoene  core,  the 
cyano-  and  phenyl-substitution  does  not  fundamentally  alter  the  "polyacetylene- 
type"  electronic  behavior  of  the  oligoenes.  For  example,  the  color  of  these  molecules 
is  strongly  correlated  with  the  oligomer  length.  This  has  been  seen  in  other 
vinylogous  series21  and  indicates  that  the  H0M0-LUM0  gap  closes  as  the 
conjugation  "box"  extends.  The  optical  absorptions  of  the  DPDCs  span  the  entire 
visible  spectrum  (Figure  2a).  The  absorptions  are  also  quite  intense;  molar 
extinction  coefficients  (e)  exceed  105  M^cnr1.  We  estimate  the  solution-phase 
optical  band  gap  (Eog)  for  DPDC11  and  DPDC13  to  be  1.81  eV  and  1.77  eV, 
respectively,  approaching  the  values  measured  for  PA  itself.  Similarly,  the  quantum 
mechanical  particle-in-a-box  model  is  often  used  to  describe  optical  absorptions  in 
the  simplest  size-dependent  systems.  This  model  holds  that  the  excitation  energies 
in  a  simple  system  vary  as  the  inverse  square  of  the  dimensional  length.  We  can  fit 
the  excitation  energies  in  the  DPDC  series  with  such  an  inverse-square  expression 
(see  Figure  3a),  and  this  leads  to  an  effective  mass  of  6.2 2x1  O'48  kg.  Extrapolation  of 
the  strongest  wavelength  (Xmax)  and  longest  wavelength  (Eog)  absorptions  to  an 
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infinite  "box"  length  estimates  values  of  577  nm  and  1.59  eV,  respectively,  for  trans- 
PA.  This  is  within  the  reported  range  of  band  gaps  (1.4-1.8  eV)  for  PA.1-22 


Figure  3.  (a)  Particle  in  a  box  models  the  characteristic  energies  determined  for  the 
DPDC’s  and  estimates  values  for  an  oligomer  of  infinite  length.  0max,  optical  band  gap 
(Eog)  and  the  redox  band  gap  (Ecv)  of  DPDC3-DPDC13,  predict  values  of  577  nm, 
1.59  eV  and  1.59  eV,  respectively,  all  of  which  agree  well  with  experimentally 
determined  values  for  PA.  (b)  Effect  of  the  cyano  groups  on  the  HOMO  and  LUMO 
Energies  of  oligoenes  determined  by  cyclic  voltammetry  (CV).  Redox  gap  of  DP03, 
DP05,  DP07  (grey)  and  the  parent  series,  DPDC3-DPDC13.  CV’s  were  obtained  in 
DMF  solution  with  0.1  M  (n-Bu)4N+,PF6'.  Experimentally  determined  values  for 
polyacetylene  (PA)  are  included  for  reference.22 


While  the  cyano  groups  do  not  change  the  fundamental  electronic  behavior  of  the 
oligoenes,  they  do  change  the  particular  characteristic  values  such  as  redox 
potentials  and  absorption  maxima.  As  mentioned  above,  cyano  groups  are  strongly 
electron  withdrawing,  and  therefore  lower  the  energies  of  the  frontier  orbitals.  We 
used  cyclic  voltammetry  to  estimate  the  energies  of  the  HOMOs  and  LUMOs  in  the 
DPDC  series;  we  found  that  the  nitriles  stabilize  the  HOMO  and  LUMO  by  as  much  as 
0.44  and  0.68  eV  with  respect  to  the  corresponding  unsubstituted  of  DPO  molecules 
(Figure  3b).  This  is  confirmed  by  UV-vis  absorption  spectroscopy,  in  which  we 
observe  a  bathochromatic  shift  of  up  to  35  nm.  From  the  redox  values  Ecv  for  an 
oligomer  of  infinite  length  is  predicted  to  be  1.55  eV;  both  the  ECT  and  the  Eog 
converge  on  to  similar  values  as  shown  in  Figure  3a.  We  also  note  that  the  number  of 
electrochemically  available  states  increases  with  molecular  (conjugation)  length.  For 
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example  DPDC11  shows  four  quasi-reversible  reductions.  As  a  general  trend, 
reductions  become  more  reversible  as  the  molecular  length  increases,  while 
oxidations  become  less  so,  where  apparent  deposition  of  the  oxidized  material  is 
observed  on  the  electrode  surface. 


Table  1.  Comparison  of  Selected  DPDC5  Derivatives  and  Their  UV-vis 
Strongest- wavelength  Absorptions. 
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Strongest  wavelength  absorption  is  taken  at  the  global  Amax  and  is  not  indicative 
of  HOMO-LUMO  gap  energies,  Eog. 


Substitution  on  the  terminal  phenyl  groups  offers  another  opportunity  to  tailor  the 
electrical  and  chemical  properties  of  the  oligoenes.  We  synthesized  a  series  of 
derivatives  (see  Table  1)  whose  phenyl-substituents  varied  from  strongly  electron 
withdrawing  (NO2)  to  electron  donating  (NMe2).  We  found  para-substitution  to  be 
most  effective  since  it  is  more  strongly  resonance-coupled  to  the  oligoene  backbone 
and  at  the  same  time  sterically  remote.  Spangler  and  coworkers  reported  similar 
results  in  non-cyano  DPOs  having  the  para-substituents  NO2,  Cl,  SMe,  OMe,  and 
NMe2.18  An  example  of  the  effect  of  phenyl-functionalization  on  optical  absorption  is 
displayed  in  Figure  2b.  Strong  electron  donating  groups  give  the  greatest 
bathochromatic  shifts.  For  example,  when  we  substitute  a  DPDC5-scaffold  with  p- 
NMe2  groups  the  longest-wavelength  absorption  shifts  from  490  nm  to  640  nm.  We 
can  access  practically  any  energy  within  the  visible  region  by  pairing  the 
appropriate  oligoene  length  with  the  appropriate  aryl  end-group. 
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(C) 


•  ,4*V^»VrO 


Figure  4.  Packing  structure  of  DPDC13  (a]  viewed  from  the  side  and  (b)  down  the 
length  of  oligoene  chain  shows  deviations  from  planarity,  [c)  ORTEP  plot  of 
DPDC13.  Ellipsoids  represent  90%  probability  levels.  Hydrogen  atoms  have  been 
omitted. 


Figure  5.  Packing  structure  of  DPDC5-C02H*2DMF  (a)  viewed  from  the  side  and  [b) 
down  the  length  of  oligoene  chain,  (c)  Ellipsoids  represent  90%  probability  levels. 
Hydrogen  atoms  have  been  omitted. 

Solid-State  Structure.  We  have  been  able  to  grow  crystals  of  each  of  the  DPDCn 
consisting  of  3  to  13  conjugated  C=C.  They  are  composed  exclusively  of  trans-olefins 
as  determined  from  the  crystal  structures.  The  crystal  structure  of  DPDC13  [Figure 
4)  is  the  longest  oligoene  characterized  by  XRD,  even  surpassing  that  of  the  natural 
product,  rhodopin  glucoside,23  which  contains  11  conjugated  C=C  bonds.  Although, 
some  of  the  shorter  vinylogues  have  been  previously  prepared  in  the  patent 
literature  for  resin  dyes,24  a  systematic  characterization  has  been  unavailable 
heretofore.  Previously  only  a  few  non-carotenoid  structures  having  six  conjugated 
C=C  bonds  have  been  reported,  and  none  having  more  than  nine.25 

Different  packing  structures  are  observed  within  the  series  of  DPDC  oligomers. 
The  shortest  vinylogues,  DPDC3  and  DPDC5,  stack  in  a  herringbone  pattern  and  are 
planar,  indicating  that  the  nitriles  do  not  significantly  interact  with  allylic  hydrogens. 
The  longer  oligomers,  DPDC7-DPDC13,  co-crystallize  with  one  solvent  molecule  per 
unit  cell.  Density  functional  theory  (DFT)  calculations  at  the  B3LYP/6-31G**  level 
predict  fully  planar  conformations.  However,  the  incorporation  of  solvent  as  well  as 
bending  is  common  in  crystal  structures  of  oligoenes  of  significant  length  [more 
than  6  C=C  bonds).8  914  Despite  bending,  the  central  olefin  [that  having  doubly  allylic 
nitriles)  remains  planar.  This  suggests  that  deviations  from  planarity  are  induced  by 
the  incorporation  of  solvent  into  the  crystal  lattice. 
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When  DPDC’s  are  functionalized  with  carboxylic  acids  the  solid-state  organization 
changes.  The  crystals  have  two  molecules  of  solvent,  dimethylformamide  (DMF), 
included  per  oligoene.  Figure  5  shows  that  the  carboxylic  acids,  through  hydrogen 
bonds,  guide  the  assembly  into  rr-stacked  sheets  of  oligoenes.  Unlike  members  of  the 
parent  series,  DPDC5-CO2H  is  planar  and  oriented  by  hydrogen  bonding 
interactions  at  each  of  its  ends.  The  lack  of  solvent  between  oligoenes  allows  for  the 
intermolecular  distances  to  decrease  to  3.38  A  between  n-faces  of  neighboring 
molecules.  These  values  approach  the  interplanar  distances  found  for  the  classic 
carbon  allotrope,  graphite,  of  3.33  A.26  DPDCS-CChH  stacks  in  an  oblique  alignment 
with  six  close  neighbors  oriented  in  a  hexagonal  pattern  when  viewed  down  the 
length  of  the  molecule.27  All  molecules  in  the  crystal  lattice  are  aligned  in  the  same 
direction  and  yet  overlap  the  neighboring  molecules  through  rr-stacking 
interactions.  This  is  an  ideal  geometry  for  assembly  on  surfaces  into  a  two 
dimensional  array. 


Figure  6.  Scanning  electron  micrographs  (SEM)  of  10-nm  FesCU  nanoparticle  SAMs 
made  using  (a)  1.5  mM  solution  and  (b)  3.0  mM  solution  of  oligoene,  DPDC3-CO2H. 
Scale  bars  are  set  to  500  nm.  Insert  scale  bar  set  to  50  nm.  (c)  Schematic  of 
oligoene-Fe304  composite  monolayer. 


Self-Assembly.  For  the  MURI  program  one  of  the  most  important  aspects  will  be 
assembly  on  semiconductor  surfaces  such  as  GaAs  and  InGaAs  surfaces.  We 
functionalized  them  to  assemble  SAMs  of  magnetic  nanoparticles  on  GaAs 
substrates.  The  magnetic  particles  were  obtained  through  a  collaboration  with  the 
Murray  group.  It  has  been  previously  shown  that  carboxylic  acids  bind  to  GaAs  and 
Fe304  through  known  ligand  exchange  procedures.28  First,  the  native  oxide  layer  of 
the  GaAs  substrates  were  removed  through  submersion  in  aqueous  ammonium 
hydroxide  (NH4OH).  After  rinsing  with  ethanol  they  were  submerged  in  a  solution  of 
oligoene  DPDC3-CO2H  in  dimethyl  sulfoxide  (DMSO).  They  were  then  removed  from 
solution,  again  rinsed  with  ethanol,  and  submerged  for  1  hour  in  a  solution  of  10-nm 
Fe204  nanoparticles  in  DMF.  Scanning  electron  microscopy  (SEM)  analysis  of  these 
films  shows  clear  formation  of  nanoparticle  monolayers.  Shown  in  Figure  6,  we 
observed  that  nanoparticle  coverage  was  dependent  upon  the  concentration  (1.5 
mM,  3.0  mM,  or  6.0  mM)  of  the  oligoene  solution.  As  a  control,  no  monolayer 
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formation  was  observed  when  only  DMSO  was  used  or  upon  direct  submersion  of 
the  GaAs  substrate  into  the  nanoparticle  solution.  Our  next  steps  are  to  obtain 
InGaAs  substrates  from  Kiehl  to  begin  to  study  the  dependence  of  transport  on  the 
magnetic  field. 

In  addition  to  these  studies  on  self-assembly  we  have  also  measured  the  single 
molecule  conductivity  of  these  oligomers.  There  are  some  interesting  features  to 
these  studies  that  will  be  the  focus  of  some  future  studies  within  the  MURI. 
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DNA  scaffolding  of  NP  arrays.  (DP-1)  Nadrian  C.  Seeman 

Before  the  beginning  of  the  MURI,  the  Seeman  laboratory  pioneered  the  field  of 
Structural  DNA  Nanotechnology.  Following  the  introduction  of  the  notion  of  the 
field  (1982),  the  prominent  achievements  of  that  period  began  with  the  construction 
of  objects,  such  as  a  DNA  cube  (1991),  and  a  DNA  truncated  octahedron  (1994). 
These  objects  were  floppy,  so  the  laboratory  introduced  robust  motifs  (e.g.,  DX)  in 
1995,  which  ultimately  led  to  both  self-assembled  2D  motifs  (1998)  and 
nanomechanical  devices  (1999).  In  conjunction  with  the  Kiehl  laboratory,  the 
Seeman  laboratory  was  involved  in  organizing  gold  nanoparticles  in  2D  arrays  from 
2001  to  2006.  The  logical  next  steps  involved  extending  2D  organization  to  3D,  first 
using  DNA,  and  then  adding  nanoparticles.  The  section  below  will  outline  the 
successes  in  this  area.  A  second  direction  of  extension  is  to  move  from  gold  to  iron 
oxide  particles,  which  is  being  pursued  with  a  clear  level  of  success  at  this  time,  and 
which  will  also  be  described.  We  will  also  discuss  briefly  some  studies  with  a 
trigonal  protein  named  ModG,  which  contains  a  nanoparticle-binding  peptide  motif, 
but  which  we  have  not  been  able  to  get  to  bind  nanoparticles  as  one  would  like. 


The  attempt  to  make  3D  self-assembled  DNA  crystals  began  in  1999,  following  the 
initial  success  of  2D  self-assembled  DNA  crystals.  In  addition  to  the  obvious 
intellectual  challenge,  3D  is  likely  to  prove  useful  to  the  MURl’s  objective,  because 
the  crystals  that  result  are  macroscopic,  with  dimensions  up  to  half  a  millimeter  in 
size.  Even  if  3D  organization  of  nanoelectronic  components  is  beyond  the  current 
ability  of  the  field  to  exploit,  the  surfaces  of  the  crystals  provide  the  largest  single¬ 
domain  arrays  of  DNA  yet  obtained.  Numerous  motifs  were  tried  unsuccessfully  in 
the  early  years  of  this  decade,  but  all  of  them  led  to  crystals  that  diffracted  to  10A 
resolution  or  worse.  Success  has  finally  been  obtained  with  the  tensegrity  triangle 
motif  that  was  first  demonstrated  by  the  Mao  laboratory.  The  image  below  shows 
both  the  DNA  sequence  of  a  crystal  and  the  crystals  themselves. 


Figure  1.  Design  of  3D  Crystals,  (a)  The  Sequence  and  Structure,  (b)  lodinated 
derivative  crystals. 
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The  motif  itself  spans  3-space,  so  it  is  straightforward  to  get  the  3D  crystals  to  self- 
assemble.  When  they  do,  each  triangle  is  surrounded  by  six  other  tensegrity  triangles. 
The  crystal  lattice  is  rhombohedral,  each  each  triangle  sits  on  a  vertex  of  a 
rhombohedron,  creating  a  cavity  with  a  volume  of  about  100  nm3.  The  surroundings  of 
an  individual  triangle  and  the  rhombohedral  cavity  are  shown  In  stereo  in  Figure  2. 


(a) 


Figure  2.  The  Seif-Assembled  Crystal  Structure  of  the  Tensegrity  Triangle,  (a)  The 
environment  of  an  individual  triangle,  (b)  The  rhomobohedral  arrangement  of 
tensegrity  triangles.  The  red  triangle  flanking  the  rear  vertex  joins  with  the  three 
yellow  triangles  closer  to  the  viewer,  and  they  each  join  with  the  three  green 
triangles  closer  yet.  The  front  vertex  is  flanked  by  another  red  triangle,  which  has 
been  removed  for  clarity. 
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We  have  also  been  able  to  use  the  sticky  ends  to  put  two  different  molecules  in  the 
asymmetric  unit.  By  attaching  dyes  to  these  molecules  selectively,  we  can  color  the 
crystals  specifically.  Thus,  we  attach  a  pink  dye,  Cy3,  to  one  or  the  other  or  both  of 
the  individual  molecules,  and  we  get  pink  crystals.  Similarly,  we  attach  a  blue  dye, 
Cy5  to  one  molecule  or  the  other  or  both,  and  we  get  blue  crystals.  When  we  attach 
the  two  dyes,  in  either  order,  we  get  purple  crystals,  as  shown  in  Figure  3.  This 
approach  is  clearly  a  way  to  prototype  the  attachment  of  two  different  particles  to 
the  constituents  of  the  crystals. 
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Figure  3.  Controlling  the  Color  of 
Crystals  by  Adding  Dyes  to  their 
Constituent  Molecules.  In  the  top 
row,  the  pink  dye,  Cy3  is  attached 
(left  to  right)  to  the  A  molecule, 
both,  or  the  B  molecule.  Likewise 
in  the  bottom  row,  the  blue  dye, 
Cy5  has  been  attached  in  the  same 
way.  The  middle  row  contains 
crystals  where  Cy3  is  attached  to 
one  molecule  and  Cy5  to  the  other. 
The  central  panel  contains  control 
crystals  to  which  dye  has  not  been 
attached.  This  experiment  is  a 
prototype  for  the  attachment  of 
multiple  particles  within  the 
crystals. 


When  it  comes  to  attaching  nanoparticles  within  the  three-dimensional  context,  it 
seems  most  logical  to  begin  with  the  gold  particles  with  which  we  are  most  familiar. 
Of  course,  we  have  also  begun  with  the  tensegrity  triangle  crystals  that  we  can  self- 
assemble  at  will.  As  with  the  rest  of  3D  characterization,  the  most  useful  technique 
is  X-ray  diffraction  analysis.  We  have  worked  with  both  Au-11,  and  with  Au-55.  The 
particles  in  both  cases  are  attached  covalently  to  the  5’  end  of  the  central  strand  (see 
Figure  1).  The  available  tethers  in  both  cases  are  fairly  long,  and  the  particles  are 
consequently  somewhat  disordered.  The  most  reliable  way  to  visualize  a  metallic 
particles  in  the  crystalline  context  is  through  'anomalous'  scattering.  This 
phenomenon  is  related  to  partial  absorption  of  the  X-rays  by  the  metal  atoms, 
introducing  a  change  in  the  imaginary  component  of  the  atomic  scattering  factor.  It 
is  observed  when  one  collects  data  for  both  the  positive  hemisphere  of  reflections 
and  the  negative  hemisphere,  and  compares  them  using  an  ‘anomalous  difference’ 
Fourier  summation.  Figure  4  shows  stereographic  projections  of  Au-11  (panel  a) 
and  Au-55  (panel  b).  In  the  current  crystals,  we  have  3-fold  averaged  images, 
because  we  obtain  better  crystals  if  we  use  the  same  sticky  ends  on  all  three  edges 
of  the  tensegrity  triangle.  What  is  shown  is  the  contoured  anomalous  scattering 
density  of  the  gold  particles  along  with  the  conventional  density  that  is  derived  from 
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the  DNA  components  of  the  crystals.  There  is  a  little  density  directly  on  the  DNA  in 
the  anomalous  scattering  map  of  Au-55.  This  is  an  artifact  caused  by  a  certain 
amount  of  non-isomorphism  between  the  crystal  with  the  gold  particle  and  the 
crystal  lacking  the  gold  particle.  What  is  clear  from  both  images  in  Figure  4  is  that 
there  is  a  large  anomalously  scattering  particle  that  is  sitting  out  in  the  major  cavity 
of  the  crystal.  Clearly  it  would  be  a  good  idea  to  eliminate  the  3-fold  averaging  by 
using  distinct  sticky  ends.  These  studies  are  in  progress. 

(a) 


t\ 


<•» 


Figure  4.  Anomalous  Scattering  of  Gold  Nanoparticles  in  a  Self-Assembled 
DNA  Crystal,  (a)  Au-11.  The  density  corresponding  to  the  nanoparticle  is 
drawn  in  gold,  (b)  Au-55.  The  density  corresponding  to  the  nanoparticle  is 
drawn  in  green  and  blue.  In  both  constructs,  the  nanoparticles  seem  to  be 
about  as  far  from  the  DNA  as  their  tethers  will  permit  them  to  be. 


In  addition  to  gold,  we  have  also  worked  with  Iron  oxide  (Fe304)  particles,  this  time 
in  two  dimensions.  We  find  that  carboxyls  on  the  DNA  do  not  work.  We  have 
obtained  the  best  performance  from  particles  that  are  commercially  available  from 
Nanotech  Ocean  and  that  are  coated  with  streptavidin.  DNA  is  attached  to  them 
through  a  biotin-streptavidin  linkage,  where  the  biotin  is  on  the  DNA  5’  end.  We 
have  used  the  original  Pinto  et  al.  construct  of  4  DX  tiles  to  organize  the  particles. 
This  construct  contains  two  potential  sticky  ends.  One  is  on  a  DX  tile  containing  a 
long  hairpin  that  terminates  in  oligo  dT.  The  other  sticky  end,  on  another  DX  tile,  is 
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not  associated  with  a  hairpin,  and  the  sequence  is  a  repeat  of  tta.  Thus,  in  AFM 
images,  particles  on  the  hairpin  (TTT  sticky  ends)  will  appear  directly  on  the  stripes 
of  the  array,  and  those  associated  with  the  TTA  sticky  end  will  appear  between  the 
stripes  of  the  array.  An  example  of  the  best  we  have  done  to  date  is  shown  in 
Figures  5  and  6. 
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Figure  5.  Zoomed  Images  of  10  nm  Iron  Oxide  Particles  on  a  OX  Array,  (a) 

These  particles  are  bound  to  the  hairpin  by  the  ttt  sequence.  They  sit  on  the 
stripes  generated  by  the  hairpin.  Coverage  is  almost  complete,  (b)  These 
particles  are  bound  to  the  tta  sequence.  They  are  half-way  between  the  stripes 
generated  by  the  hairpin.  Coverage  is  not  nearly  as  good. 

Direct  comparison  of  the  relative  efficiencies  between  the  two  different  types  of 
attachment,  to  a  sticky  end  on  the  hairpin  or  to  a  sticky  end  simply  extruding  from 
the  array,  is  seen  clearly  in  the  double-binding  experiment  shown  in  Figure  6. 


Figure  6.  Comparison  of  10  nm  Iron  Oxide  Particle 
Binding  to  an  Isolated  Sticky  End  in  a  OX  Array  and 
Binding  to  a  Sticky  End  on  a  Hairpin.  It  is  clear  that  there 
are  two  alternating  rows  of  particles  bound.  One  of 
these  rows,  the  one  on  the  hairpins,  is  much  more 
efficiently  bound  than  the  other  row,  where  the  sticky 
end  simply  emanates  from  the  array.  The  control 
experiment  of  switching  the  two  sequences,  so  ttt  is 
between  the  rows  and  tta  is  on  the  hairpins,  has  not  yet 
been  performed.  Four-tile  arrays  containing  two  different 
rows  of  stripes  have  been  built  previously. 


We  have  tried  to  attach  nanoparticles  to  the  ModG  protein  (from  Todd  Yeates)  that 
has  been  attached  to  a  DNA  origami  construction.  The  protein  contains  a  particle¬ 
binding  peptide  that  should  facilitate  this  binding.  The  protein  is  fairly  successfully 
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attached  to  the  DNA  origami,  but  it  does  not  seem  possible  to  attach  the 
nanoparticles  to  the  protein  while  it  is  attached  to  the  origami.  Efforts  continue  to 
find 


Figure  7.  Attempts  to  Add  Iron  Oxide  Nanoparticles  to  ModG  Protein,  (a)  A  DNA 

Origami  Construct  containing  a  marker  in  the  shape  of  a  T  for  a  control  reference 
sub-image,  (b)  The  same  origami  to  which  the  ModG  protein  has  been  added.  The 
protein  is  readily  visible  at  the  enter  of  the  origami  construct,  (c)  Iron  oxide 
nanoparticles  have  been  added  to  the  material  in  panel  (b).  Little,  if  any,  change  is 

attach  the  particles  to  the  protein. 


An  additional  effort  in  which  we  have  been  engaged  is  to  attempt  to  make  the  large 
arrays  that  the  Mao  group  has  reported.  The  extent  to  which  the  domains  in  these 
arrays  are  aligned  has  not  been  reported.  To  date  we  have  been  unsuccessful  in 
generating  such  arrays,  but  consultation  with  Prof.  Mao  indicates  that  it  is  necessary 
to  close  the  central  circle  of  the  domain  in  a  covalent  fashion.  Efforts  are  underway 
to  make  this  modification  to  the  protocol  and  to  continue  in  this  direction. 


To  summarize  some  key  points,  the  purpose  of  the  NYU-Chemistry  part  of  the  MURI 

h  »  was  to  work  out  ways  of  attaching  various 
species  to  multidimensional  DNA  species,  either 
2D  small  DNA  molecular  arrays  (e.g.,  DX)  or  2D 
origami  tiles  or  2D  origami  tubes  or  3D  DNA 
crystals.  Part  of  the  work  entailed  learning  how 
to  organize  DNA  into  origami  arrays  and  DNA 
tensegrity  crystals  into  3D  crystals  that  diffract 
adequately  to  be  characterized.  The  species  to 
be  attached  were  globular  proteins,  and  gold  or 
iron-oxide  nanoparticles. 

Part  of  the  control  offered  by  structural 
DNA  nanotechnology  is  the  ability  to  put  more 
than  a  single  molecule  in  an  asymmetric  unit. 
We  learned  how  to  do  this  in  3D,  which  is  shown 
in  Figure  1.  There  are  two  different  molecules 
(the  red  and  the  green)  which  alternate  in  the 
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Figure  2.  Taken  from  W.  Liu,  H. 
Zhong,  R.  Wang  &  N.C.  Seeman, 
Crystalline  Two-Dimensional  DNA 
Origami  Arrays,  Angew.  Chemie 
50.264-267  f20111. 
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rhombohedral  motif.  We  were  able  to  dye  the  crystals  3  different  colors  by 
attaching  dyes  to  one  molecule,  the  other  or  both.  In  a  similar  fashion,  we  also 
solved  a  major  organizational  problem  by  learning  how  to  organize  DNA  origami 

species  into  2D  crystals,  rendering  that  system 
useful  for  larger  organizational  efforts.  This 
crystal  is  shown  in  Figure  2.  Note  the  scale. 

Ours  is  the  first  group  to  organize 
nanoparticles  in  3D.  3D  organization  of 
nanoparticles  is  a  whole  new  paradigm  in  the 
DNA  organization  of  metallic  nanoparticles.  We 
have  done  this  in  four  systems,  both  Au-11 
nanoparticles  and  Au-55  nanoparticles 
organized  in  the  tensegrity  triangle  lattice, 
similar  to  the  one  in  Figure  1,  except  that  only  a 
single  species  of  DNA  has  been  used  in  this  case. 
Figure  3  illustrates  these  four  different  systems. 
A  model  of  the  tensegrity  triangle  is  shown, 
flanked  by  anomalous  difference  densities.  Au- 
11  is  shown  in  the  top  panels  and 
Au-55  is  shown  in  the  bottom  panels.  Although 
design  has 
not  caught 

up  with  this  experimental  advance,  it  is  worth 
noting  that  the  surfaces  of  the  crystals  (at  least 
100  x  100  nm)  are  the  largest  2D  arrays  of 
nanoparticles  yet  to  be  developed. 

We  have  also  demonstrated  the 
capability  of  manipulating  gold  nanoparticles 
individually  in  a  proximity-based  nanoscale 
assembly  line.  We  are  able  to  add  different 
species  of  gold  nanoparticles  (a  5  nm  particle,  a 
10  nm  particle,  and  a  pair  of  coupled  5  nm 
particles)  to  a  somersaulting  walker  'chassis' 
that  is  deliberately  tumbled  past  each  of  the 
addition  stations.  The  3  different  stations  lead  to  23  different  products,  all  of  which 
have  been  made  and  identified  in  the  differently  programmed  trajectories.  Figure  4 


Figure  4.  Taken  from  H.  Gu,  J.  Chao, 
SJ.  Xiao  &  N.C.  Seeman,  A  Proximity- 
Based  Programmable  DNA 
Nanoscale  Assembly  Line,  Nature 
465.  202-205  120101. 


Asymmetric  Symmetric 


Figure  3.  Anomalous  difference 
densities  for  Au-11  (green)  and  Au- 
55  (orange). 


Figure  5.  The  protocol  to  put  the  protein  on  an  origami  tile  is 
shown  at  the  top.  The  bottom  shows  five  AFM  images  before 
adding  the  protein  to  a  specific  location  in  the  tile.  A  marker 
T  is  in  the  upper  right-hand  corner  of  the  tile  as  a  marker. 
The  bottom  row  shows  images  of  adding  the  protein  to  a 
specific  locus.  The  white  dot  at  the  lower  left  is  clearly 
identifiable  as  the  protein. 
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shows  the  system;  the  middle  column  shows  in  schematic  what  is  observed  by  AFM 
in  the  right-most  column. 

An  assigned  task  in  this  project  was  the  attachment  of  a  protein  to  a  specific 
site  in  an  origami  tile.  The  ultimate  aim  here  was  to  demonstrate  that  we  could 
render  a  protein  susceptible  to  the  large  architectural  power  of  structural  DNA 
nanotechnology.  Although  the  trimeric  protein  itself  was  in  the  end  shown  by 
others  to  be  incapable  of  binding  the  designated  nanoparticles  as  particles,  we  were 
successful  in  binding  the  protein  to  the  DNA  origami  tile.  This  is  shown  in  Figure  5. 


Another  assigned  task  was  to  get  iron-oxide  nanoparticles  to  bind  to  the  standard 
ABCD*  DX-DNA  array.  None  of  the  nanoparticles  produced  within  the  MURI  group 
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Figure  6.  The  Addition  of  Iron  Oxide  Nanoparticles  to  ABCD*. 
The  ABCD*  array  was  prepared  with  the  particles  destined  for 
the  B  tiles  bearing  a  (TTA)7  and  the  B  tiles  bearing  a  (TAA)7 
complement  Likewise,  particles  destined  for  the  D*  tiles  were 
derivatized  with  Tis  and  the  D*  tiles  with  the  hairpins  also  had  a 
Ais  sequence.  The  left  AFM  panel  shows  particles  only  on  the  B- 
tiles,  between  the  stripes.  The  middle  panel  shows  particles 
attached  to  the  Degenerated  stripes.  The  right  panel  shows 
particles  in  both  locations,  as  both  the  B  particles  and  the  D* 
were  bound  to  particles,  so  there  are  particles  visible  both 
between  the  stripes  and  resting  on  them. 


were  capable  of  binding  to  this  array,  but  a  preparation  purchased  from  Ocean 
Nanotech,  Inc.  (Springdale  AR)  were  properly  prepared,  so  that  we  could 
accomplish  this  goal. 

Note  that  each  of  the  slides  in  this  summary  narrative  indicates  a  unique 
breakthrough  in  the  manipulation  and  organization  of  nanoparticles. 
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Protein-organized  dimer  and  trimer  NP  subcomponents  (DP-2). 
Todd  O.  Yeates 

Period  I 

During  the  period  preceding  the  UCLA  review,  we  performed  cysteine  engineering 
studies  on  several  proteins  (Fig.  TY1).  Towards  the  end  of  this  period,  we  focused 
attention  on  one  particular  protein  deemed  most  likely  to  be  useful  for  creating  a 
trimeric  cluster  of 
nanoparticles.  This 
protein  was  CutA,  a 
naturally  trimeric 
protein  with  102 
amino  acids  per 
monomer,  a  known 
structure,  and 
established  extreme 
thermostability  and 
tolerance  for 

organic  solvents.  The  first  amino  acid  position  chosen  for  cysteines  insertion  was 
serine  13.  This  position  was  chosen  based  on  visual  inspection  for  its  perimeter 
location  (intended  to  provide  for  individual  attachment  to  three  different 
monofunctionalized  nanoparticles,  each  expected  to  bear  a  single  maleimide 
functional  group),  and  its  accessibility  for  chemical  reaction.  The  protein  was 
expressed  and  purified  from  E.  coli. 

Biophysical  experiments,  including  light 
scattering  and  size  exclusion  chromatography, 
were  performed  to  confirm  that  the  engineered 
protein  folded  correctly  and  associated  into  the 
native  trimeric  form.  At  that  point, 
monofunctional  nanoparticles  were  not 
available  to  test  the  ability  of  the  engineered 
CutA  to  bind  seprately  to  three  nanoparticles. 

Instead,  a  large  organic  polymer  (PEG 
maleimide)  was  used  to  test  whether  the 
engineered  cysteines  would  be  chemically 
accessible  for  eventual  nanoparticle 
attachment.  Those  reactivity  experiments 
showed,  unexpectedly,  that  making 
attachments  to  the  designed  site  (residue  13) 
was  problematic;  only  partial  saturation  could 
be  achieved,  as  judged  by  native  gel  electrophoresis.  Plans  were  made  to  reassess 
the  site  of  attachment.  A  computational  analysis  of  solvent  accessibility  was 
performed  on  the  CutA  trimer  in  order  to  make  a  more  objective  choice  for  cysteine 


Figure  TY2.  Diagram  of  the  CutA 
timer  showing  the  initial  choice  for 
cysteine  engineering  (residue  13,  in 
yellow)  and  the  subsequent  choice 
(residue  76,  red). 


Figure  TY1.  Proteins  investigated  for  engineering  multiple 
cysteines  residues  for  thiol-based  attachment  to  nanoparticles,  (from 
left)  The  CutA  protein,  the  hexameric  CcmK4  BMC  shell  protein,  T4 
lysozyme  with  cysteines  at  two  positions  in  one  protein  chain. 
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insertion.  Position  aspartate  76  was  chosen  for  subsequent  experiments  (Fig.  TY2), 
and  molecular  cloning  was  initiated.  Development  of  the  thiol-based  nanoparticle 
attachment  strategy  was  put  on  hold  temporarily  following  progress  reported  by 
Prof.  Huang  at  the  UCLA  review  on  obtaining  peptide  sequences  for  nanoparticple 
attachment. 


Period  2 

At  the  time  of  the  UCLA  review,  Prof.  Huang  presented  new  data  showing  the 
successful  selection  of  short  peptide  sequences  specific  for  binding  to  different  types 
of  nanoparticles.  The  possibility  of  using  peptide  sequences  for  nanoparticle 
binding  was  viewed  as  attractive  as  it  might  relieve  the  need  for  chemically 
monofunctionalized 
nanoparticles.  Our 

protein  engineering 
efforts  were  therefore 
redirected  towards 

designing  a  trimeric 
protein  bearing  extra  tails 
based  on  the  amino  acid 
sequences  discovered  by 
Prof.  Huang.  This 
required  a  different 
protein  as  the  framework, 
since  one  chain  terminus 
would  need  to  be  situated 
at  a  desired  position  in 
the  trimer  (e.g.  around 
the  periphery].  The 
protein  chosen  for  this 
line  of  experiments  was  ModG  from  Azotobacter  vinlandii,  a  thermophilic  protein 
with  144  amino  acids  per  monomer  (Fig.  TY3).  The  N-terminus  of  that  protein  is 
situated  at  the  periphery  of  the  trimer.  The  following  amino  acid  sequence  for 
binding  Fe304  was  engineered  at  the  beginning  of  the  ModG  protein: 
mgssALESPHPRLLPssg  (with  the  capital  letters  representing  a  12  amino  acid 
sequence  obtained  by  Hu,  and  the  lower  case  letters  representing  a  flexible  linker 
and  cloning  artifacts).  This  protein  was  purified  and  expressed  in  E.  coli,  and 
established  by  biophysical  methods  to  be  natively  folded  and  trimeric  as  expected. 
The  ultimate  plan  was  to  attach  nanoparticles  via  peptide  tails,  and  DNA  via  cysteine 
engineering  and  thiol  chemistry.  An  initial  idea  was  to  try  to  engineer  a  single 
attachment  point  for  DNA.  To  that  end,  a  first  site  for  inserting  a  cysteine  was 
chosen  near  the  three-fold  symmetry  axis  in  ModG,  with  the  idea  that  oxidizing 
conditions  would  lead  to  formation  of  a  single  disulfide  bond  between  two  of  the 
cysteines,  leaving  just  one  cysteine  free  for  DNA  attachment.  It  was  subsequently 


Figure  TY3.  Structure  of  the  ModG  trimer.  The  N-terminal  tail  bearing 
the  12  amino  acid  sequence  for  Fe304  nanoparticle  attachment  is 
modeled  in  red.  The  polyhistidine  sequence  at  the  C-terminus  for 
purification  is  modeled  in  blue.  Position  39,  chosen  as  the  initial  site 
for  cysteine  engineering  for  DNA  attachment,  is  shown  in  orange  (left). 
The  peptide  tails  for  nanopartide  attachment  are  about  4-5  nm  from 
each  other.  The  ModG  reengineered  with  more  widely  separated 
thiols  (about  3  nm  apart)  is  shown  on  the  right. 
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suggested  that  it  would  be  advantageous  to  have  three  more  widely  spaced  thiol 
attachment  points,  so  an  alternate  site  (residue  117)  was  then  chosen  and  the  ModG 
protein  was  reengineered. 

Experiments  were  then  conducted  to  test  whether  the  ModG  bearing  peptide  tails 
would  bind  nanoparticles.  The  engineered  ModG  protein  was  mixed  with  10  nm 
Fe304  particles.  Electron  microscopy  studies  were  problematic.  Despite  the 
formulation  of  nanoparticles  for  improved  solubility  in  aqueous  solutions,  irregular 
aggregates  were  often  observed  in  EM  images,  even  in  the  absence  of  added  protein. 
This  complicated  analysis.  However,  under  optimal  condition,  particularly  dilute 
nanoparticle  concentrations,  it  was  possible  to  visualize  trimeric  clusters  of  ferrite 
nanoparticles,  presumably  organized  by  attachment  to  the  ModG  trimer  (Fig.  TY4). 
However,  these  represented  only  a  minority  of  the  population.  Indeed, 
eletrophoresis  studies  on  the  ModG  protein  plus  nanoparticles  indicated  relatively 
weak  binding.  The  ModG  plus 
Fe304  nanoparticles  experiment 
therefore  represented  a  partial 
success,  but  prospects  for 
obtaining  fully  trimerized  ferrite 
nanoparticles  in  high  yield 
appeared  problematic. 

We  also  engineered  an  alternate 
version  of  ModG  in  which  the  tail 
sequence  was  one  determined  by 
Prof.  Huang  to  bind  platinum 
nanoparticles.  The  terminal 
amino  acid  sequence  in  that  case 
was  FTLSSPY.  The  binding  of 
this  version  of  ModG  to  platinum 
nanoparticples  was  relatively  strong  based  on  native  gel  electrophoresis 
experiments.  Owing  to  the  lesser  interest  in  platinum  particles  for  the  main  project 
objectives,  this  line  of  work  was  not  foil  wed  up. 

One  potential  approach  for  achieving  trimeric  ferrite  nanoparticles  bound  to  a  DNA 
template  was  laid  out.  When  nanoparticles  are  added  at  high  concentration  to  the 
trimerizing  protein,  the  nanoparticles  tend  to  aggregate.  When  the  protein  is 
present  at  high  concentration,  multiple  proteins  can  attach  to  a  single  nanoparticle, 
thereby  defeating  attempts  to  obtain  purely  trimeric  forms.  But  if  the  trimeric 
protein  was  attached  first  to  DNA  (either  at  one  or  many  locations),  then  it  might  be 
possible  to  add  nanoparticles  at  concentrations  that  would  saturate  the  three 
binding  sites  on  a  protein  trimer.  Very  preliminary  experiments  -  involving  just  the 
attachment  of  protein  trimer  to  DNA  -  were  conducted  along  this  line  of 
investigation. 

In  view  of  the  challenged  faces  with  the  peptide  tail  approach,  and  in  the  hopes  that 
chemically  monofuntionalized  ferrite  nanopartices  might  eventually  become 


Figure  TY4.  Electron  microscopy  of  dilute  10  nm  Fe304 
nanoparticles  missed  with  the  engineered  ModG  trimer 
bearig  peptide  tails,  (left)  A  view  of  particles  in  a  mixture  of 
apparently  associated  forms,  (right)  Enlargments  of  trimeric 
nanoparticple  arrangments  seen  as  a  subset  of  the 
visualized  configurations. 
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available,  we  returned  to  the  earlier  protein  system  (CutA)  for  binding  nanoparticles 
via  thiol  chemistry  at  the  trimer  periphery.  In  the  absence  of  ferrite  particles 
bearing  single  maleimide  functional  groups,  we  tested  the  ability  of  the  CutA  trimer 
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Fgure  TY5.  (left)  Native  gel  electrophoresis  shows  a  mixture  of  one,  two  and  three  platinum 
nanoparticles  bound  to  a  CutA  trimer  bearing  cysteines  on  the  periphery,  (right)  EM  shows  a  mixture  of 
these  forms. 

Dearing  peripheral  cysteines  (at  residue  76)  to  bind  directly  to  3  nm  platinum 
nanoparticles.  Native  gel  electrophoresis  showed  the  presence  of  a  mixture  of 
protein  trimers  bearing  one,  two,  or  three  platinum  nanoparticles  (Fig.  TY5). 
Electron  microscopy  likewise  revealed  a  mixture  of  these  forms.  As  before,  the 
experiments  demonstrated  some  ability  to  achieve  binding  between  proteins  and 
nanoparticles  in  solution,  but  serious  difficulty  in  achieving  full  binding  or  high 
yields. 


pH-8,  Protein  :  Pt  particle*  10:1 


CutA  trimer.  attachment  via  of  3  nm  Pt 

Result  TEM  shows  dimers  and  trimers  of  NPs 
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Specific  peptide  affinities  to  core/shell  NP  (DP-3).  Yu  Huang 


The  ultimate  objective  of  the  project  is  to  bio-assemble  a  practical  quantum  electronic 
system  with  built-in  complexity  and  desired  architecture.  One  of  the  main  sub-objectives 
is  to  engineer  highly  active  and  selective  recognition  motifs  using  biomolecules,  which 
will  eventually  enable  the  realization  of  such  a  self-assembled  system. 

Within  this  context,  during  the  first  two  funding  periods,  our  group  has  achieved 
identification  of  material  specific  peptide  sequences  than  bind  to  FePt  and  Pt 
nanoparticles,  as  well  tested  the  binding  specificity  of  the  free  peptides  (out  of  its  viral 
protein  context)  and  their  application  in  assisting  in-situ  synthesis  of  ultra-small  metallic 
particles  which  may  find  their  utilizations  in  quantum  electronics.  As  a  team  effors,  the 
identified  sequences  have  been  passed  on  to  TY’s  group  for  incorporation  into  multimeric 
protein  structures  and  demonstrated  interesting  trimer  assembly  of  Pt  nanoparticles  on 
protein. 


Approaches 


Phage  display  technique  is  used  to  select  peptide  sequences  which  have  specific 
binding  ability  to  FePt  and  Pt  ciystal  surfaces  (Figure  1).  Fmoc  solid  phase  peptide 
synthesis  (SPPS)  technique  is  used  to  synthesize  the  selected  peptide  sequences.  And  the 
effects  of  selected  peptides  on  the  attached  and  growth  of  Pt  NCs  were  explored  with 
“green  chemistry”  that  are  comparable  with  biological  systems,  at  room  temperature  in 
aqueous  solution. 
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Figure  1:  Schematic  of  biopanning  process  for  identifying  sequences  against  nanoparticle 
surfaces.  Nanoparticle  received  from  CM’s  group  were  first  deposited  on  Si  substrate, 
followed  by  surface  cleaning  prior  to  exposure  to  Ml  3  library.  A  negative  selection  is 
included  in  the  panning  process  to  eliminate  binding  sequences  from  the  substrate. 
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After  we  identify  the 
peptide  sequences  that 
specifically  bind  to  Pt 
surface,  e.g  Thr-Leu-His-Val- 
Ser-Ser-Tyr  (TLHVSSY, 
MW:  805.9)  was  selected 
from  the  Ml  3  Ph.D.-7 

peptide  library  (New  England 
Biolabs)  that  bind  to  Pt 
surface.  Free  TLHVSSY 
molees  were  then  synthesized 
with  F-moc  solid  phase 
peptide  synthesis  (SPPS) 
technique,  and  purified  with 
HPLC  system  to  achieve  high 
purity  greater  than  95% 
(Figure  2). 


Accomplishments 

3a.  Peptide  sequences 
bound  to  Fe3(>4  and  FePt 
surfaces 


The  F3O4  sequences  emerged  from  Ph.D  12mer  library,  7mer  library  and  c7c  library 
(Figure  3),  appear  to  be  both  rich  in  hydrophotic,  proline  and  positive  charged  amino 
acids  and  poor  in  negative  charged  amino  acids  when  compared  to  the  original  library'. 
The  selection  of  positive  charged  vs  negative  charged  amino  acids  may  be  attributed  to 
the 

terminal 
crystal 
faces  of  the 
nanoparticl 
es,  e.g.  O 
termination 
vs.  Fe 
termination 

KVMPQH 
D  was 

identified 
against 
FePt 

nanoparticl 
e 

sequences. 

Peptide 


12mer 

4  out  Of  19 
8  out  Of  19 

2  out  of  19 
2outof  5 

3  out  of  5 

C7C 


3out  of  10 

E 

a 

I  H 

s 

w 

S 

4  out  of  10 

N 

s 

1  N 

G 

L 

S 

B 

2outof  10 

Y 

p 

ft 

V 

G 

R 

L 

7  mer 


4  out  of  10 

K 

P 

S 

V— 1 

V 

H 

3  out  oMO 

* 

R 

P 

Y 

W 

p 

|v 

4  out  of  4 

■*  . 

P 

A 

N 

P 

L 

1 

Figure  3.  Results  of  Fe304  peptide  sequences  identification  using  different  Ml 3 
phage  phage  libraries. 
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sequences  have  been  passed  on  to  TY’s  group. 

3b.  Pt  binding  sequence,  Pt  Nanocrystal  (NC)  synthesis  and  assembly. 

Ultrasmall  Pt  NCs  with  tunable  morphology  and  comparable  size  to  the  size  of  macro¬ 
biomolecule  is  important  to  the  assembly  of  versatile  electronic  systems.  As  most  small 
QDs  or  NCs  are  synthesized  in  organic  solvents,  the  compatibility  with  biological  system 
is  rather  limited.  In  this  project,  our  goal  is  to  devise  a  general  approach  to  the  synthesis 
and  assembly  of  small  sized  NCs  in  Aqueous  solution,  which  is  compatible  with 
biological  entities.  We  have  achieved  so  far. 

(1)  Peptide  sequence  TLHVSSY  has  been  identified  and  synthesized  as  specific  binder 
to  Pt  surface. 

(2)  We  demonstrated  that  die  synthesized  free  peptides  can  (A)  retain  the  binding 
ability  to  Pt  surface,  and  function  as  stablizers  to  keep  Pt  NC  stable  in  water;  (B)  affect 
on  both  the  size  and  morphologies  of  Pt  NC  and  suppress  the  growth  in  [1 1 1]  direction  of 
the  Pt  NCs. 

(3)  Protein-Pt  NC  trimer  assembly  has  been  acheived  with  the  ultrasmall  Pt  NCs 
synthesized  in  aqueous  solution,  demonstrating  the  power  and  feasibility  of  a  bio¬ 
assembled  nanoparticle  approach. 

(A)  Achieving  Ultrasmall  Pt  NCs  in  Aqueous  solution  with  specific  peptides 

is  briefly  described  as  below.  A  mixed  aqueous  solution  of  potassium 
tetrachloroplatinate  (II)  (K^PtCU)  and  TLHVSSY  peptide  was  first  prepared,  into  which  a 

fresh  40  mM  sodium 
boron  hydride 

(NaBH4)  solution 
was  injected  in  a 
single  shot.  The 
reaction  was 

strongly  stirred  at 
room  temperature 
until  no  color 
change  can  be 
observed.  Droplets 
of  reaction  solution 
were  pipetted  out  to 
prepare  transmission 
electron  microscope 
(TEM)  samples  on 
copper  grids.  Blank 
reactions  without 
added  peptides  were 
also  conducted  as 
control  experiments. 


< 


* 


Figure  4.  Color  evolution  of  blank  reaction  (A)-(E)  and  50  pg/mL 
peptide  reaction  (G)-(K).  (A),  (G)  are  before  NaBH4  addition.  (B)-(E) 
and  (H)-(K)  are  photos  taken  at  10s,  30s,  Imin  and  3min  after 
reductant  injection.  TEM  images  of  the  obtained  NCs  from  blank 
reaction  at  10s  (F)  and  50  pg/mL  peptide  reaction  after  36  hours  (L). 
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Fig.  4  shows  the  color 
evolution  of  both  blank  reaction 
and  the  reaction  with  peptides 
present.  The  quickly  darkening 
color  observed  in  the  blank 
reaction  indicates  the  reaction 
evolved  very  fast  (Figs.  4  A-E). 

After  a  couple  hours,  there  were 
obvious  particles  aggregations 
precipitating  out.  TEM  studies 
show  NCs  from  blank  reaction 
typically  have  large  sizes  (>  10 
ran)  with  wide  size  distribution, 
and  are  usually  aggregated 
together  even  at  the  very  early 
stage  (Fig.  4F).  In  contrast,  the 
reaction  with  peptide  present 
evolved  much  more  slowly  and 
is  highly  controllable  (Figs.  4  G- 
K).  The  resulting  solution  was 
stable  for  up  to  a  few  months, 
indicating  NCs  were  well 
dispersed  in  solution.  TEM 
studies  show  these  NCs  typically  have  nearly  spherical  shapes,  with  a  narrow  size 
distribution,  and  remain  well  separated  and  well  dispersed  in  solution  even  after  long 
duration  of  aging  (Fig.  4L).  The  comparison  with  blank  reaction  implies  that  the  peptides 
suppress  the  crystal  growth  at  very  early  stage  and  change  the  growth  kinetics  of  Pt  NCs. 
The  observation  suggests  that  the  free  standing  peptide  TLHVSSY,  although  selected 
against  platinum  surface  as  a  part  of  Ml  3  phage  coat  protein,  retains  the  strong  binding 
ability  to  the  crystal  surface.  The  strong  binding  ability  can  be  attributed  to  the 
electrostatic  interaction,  chemical  conjugation,  geometrical  match,  or  the  combination  of 
these  factors  between  peptide  molecules  and  crystal  surface. 

We  tentatively  attribute  the  effects  that  peptides  exert  on  Pt  NC  size  and  shape  to  its 
strong  binding  ability  to  Pt.  We  suggest  that  peptides  bind  to  reduced  Pt  atoms  or  Pt 
nuclei  and  form  a  peptide  coating  on  Pt  NC  surface.  The  coverage  of  peptides  prevents 
NC  growth  from  particle  coalescence  as  well  as  slows  down  monomer  attachment  onto 
the  NC  surface.  Hence  the  Pt  NC  growth  rate  with  peptide  present  is  greatly  reduced 
when  compared  to  the  blank  reaction,  resulting  in  much  smaller  NC  sizes.  At  the 
meanwhile,  when  peptides  bind  to  Pt  NC  surface,  it  changes  the  Pt  NC  surface  energy 
landscape  and  hence  its  growth  kinetics,  which  may  lead  to  the  observed  different 
morphologies  compared  to  blank  reactions. 

With  the  greatly  reduced  growth  rate,  we  were  able  to  achieve  ultrasmall  NCs  of 
variable  sizes  with  narrow  size  distribution  by  stopping  the  reaction  at  different  times.  In 
this  experiment,  aliquots  of  reaction  samples  of  different  time,  e.g.  10  s,  60  s,  and  up  to 
36  h,  were  taken  out  of  the  reaction  solution  and  immediately  put  into  ice  bath.  Then 
droplets  of  different  samples  were  taken  to  prepare  TEM  samples.  The  copper  grids  were 
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rapidly  dried  and  washed  with  water  to  remove  unreacted  precursors.  Figs.  5  A-F  show 
the  TEM  images  of  NCs  taken  out  from  reaction  at  10  s,  60  s  and  5  h.  In  Fig.  5A,  the  Pt 
NCs  at  10  s  after  reductant  injection  have  an  average  size  of  1.73  nm,  which  is  much 
smaller  than  the  NCs  formed  at  the  same  time  in  blank  reaction  (Fig.  4F).  Fig.  5B  shows 
the  Pt  NCs  taken  out  of  reaction  solution  at  60  s,  which  have  an  average  size  of  2.68  nm. 
The  Fig.  3C  shows  the  NCs  taken  from  reaction  solution  5  h  after  the  injection  with  an 
average  size  of  3.54  nm.  High  resolution  TEM  (HRTEM)  images  in  Figs.  5  D-F  show 
that  the  atomic  layers  of  Pt  NCs  in  [1 1 1]  direction,  as  marked  by  the  arrows,  grow  from  7 
layer  to  12  layers,  and  finally  to  16  layers.  With  this  approach,  ultrasmall  Pt  NCs  of 
variable  sizes  below  5  nm  can  be  synthesized  in  a  highly  controllable  fashion.  Histogram 
of  Pt  NC  sizes  shows  highly  uniform  size  distribution,  typically  with  standard  deviation 
less  than  10%  or  less  than  one  atomic  layer  variation  on  average  (Figs.  5  G-I). 

(B)  Morphology  control 

Using  the  same  peptide  sequence,  we  further  demonstrate  the  synthesis  of  PtNCs  with 
multipod  morphology  by  changing  the  reaction  conditions,  and  that  the  multipod 
morphology  can  be  controlled  by  altering  the  peptide  concentration.  Using  potassium 
tetrachloroplatinate  (K^PtCU)  as  the  precursor  and  sodium  borohydride  (NaBFE)  as  the 
reducing  agent,  the  reaction  is  conducted  in  aqueous  solution  at  room  temperature.  A 
K^PtCU/peptide  aqueous  solution  was  prepared,  aging  for  1  hour.  The  concentration  of 
K^PtCU  was  fixed  at  1  mM.  Peptide  concentration  was  varied  from  0-250  pg/'mL  to 
observe  the  effect  of  peptide  on  the  crystal  morphology.  NaBH»  solution  of  40  mM 
concentration  was  added  into  the  K^PtCVpeptide  solution  with  automatic  syringe. 
Typically,  a  volume  of  100  pL  NaBH4  solution  was  added  to  complete  the  reaction. 

The  Figure  4  shows  the  as-synthesized  Pt  nanocrystals  with  different  molar  ratios 
between  K^PtCU  and  peptide  (i.e.  changing  peptide  concentrations  while  keeping  the 
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Figure  6.  (A)  TEM  image  of  crystals  from  control  reaction  without  adding  peptides. 
(B)-(D)  are  TEM  images  of  crystals  synthesized  from  reactions  with  20, 25,  250 
pg/mL  peptide  concentrations,  respectively. 

concentration  of  K^PtCU).  The  transmission  electron  microscope  (TEM)  samples  were 
prepared  after  1  h  of  reaction.  The  control  reaction  without  adding  peptide  is  shown  in 
Figure  4A.  The  typical  crystals  obtained  without  peptide  added  show  a  hyperbranched 
morphology  (as  shown  in  the  inset  Fig.6A)  with  the  average  size  around  20  nm  (ca.  50  % 
yield).  With  the  TLHVSSY  peptide  added,  typical  crystals  seen  on  TEM  grid  have  a 
multipod  morphology  with  the  average  size  down  to  10  nm,  as  shown  in  Figure  4B.  The 
term  multipod  is  used  because  bi-pod,  tri-pod  and  tetra-pod  nanocrystals  coexist  on  the 
grid.  When  higher  peptide  concentration  was  used,  the  crystals  of  multipod  morphology 
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still  exist  but  with  shorter  pods,  as  shown  in  Figure  2  C,  i.e.  the  length  of  pods  can  be 
controlled  by  varying  the  concentration  of  peptides  in  solutions.  In  addition,  near 
spherical  crystals  without  pods  can  also  been  observed  at  low  yield  (ca.  10%).  When  the 
peptide  concentration  was  increased  up  to  250  pg/mL.  no  multipod  nanocrystals  were 
oberved.  Instead,  the  typical  nanocrystals  show  monodisperse  near  spherical  shape  with 
the  average  size  around  2.5  nm.  Further  information  can  be  obtained  from  the  TEM 
images  that  the  dispersity  is  becoming  better  with  the  increase  of  peptide  concentration. 

We  further  characterize  the  nanocrystals  by  HRTEM  for  the  lattice  analysis.  As  shown 
in  Figure  5 A,  at  low  peptide  concentration, 
the  pods  can  be  as  long  as  10  nm. 

According  to  the  lattice  spacing 
measurement,  the  spacing  distance  of  2.26 
A  is  corresponding  to  the  <11 1>  lattice 
spacing,  which  means  that  the  pods  are 
growing  along  <11 1>  direction  with  the 
presence  of  peptide  in  solution.  When 
increasing  the  peptide  concentration,  one 
result  is  that  the  nanocrystals,  shown  in 
Figure  7B,  C  and  D,  show  shorter  lengths 
along  <11 1>  direction,  the  other  result  is 
that  more  and  more  bi-pod  crystals  are 
emerging.  From  Figure  3B,  we  can  see  that 
the  bi-pod  crystals  have  a  mix  of  pods 
growing  along  <1 1 1>  and  <100  directions, 
looking  from  <1 10>  zone  axis.  There’s  also 
twinning  effect  observed  in  the  crystals 
obtained  from  high  peptide  concentrations. 

Figure  3D,  also  with  <110>  zone  axis, 
shows  the  twining  formed  with  the  {111} 
twinning  plane.  One  thing  worth  noting  is 
that  no  pods  are  observed  to  grow  along 
<110>  direction.  Figure  3e  shows  the  Pt 
nanocrystals  obtained  from  peptide 
concentration  of  250  pg/mL.  The  spherical 
shape  implies  that  the  growth  along  all 
directions  are  inhibited,  even  for  <1 1 1>  and 
<11 0>  which  are  observed  growth 
directions. 


(C)  Pt-Protein  Assembly 

Together  with  TY’s  group  we  have 
successfully  demonstrated  that  this  ultra  small  Pt  NCs  can  be  readily  assembled  onto 
protein  surface  with  specified  location.  A  trimeric  structure  has  been  achieved  (Figure  8). 

In  summary.  We  have  successfully  demonstrated  that  (1)  The  selected  peptide 
molecule  is  able  to  specifically  target  and  bind  to  NC  surface,  and  control  both  the 


Figure  ?.  HRTEM  images  of  crystals  synthesized 
from  reactions  with  peptide  concentrations  of  (A)  20, 
(B)  25,  (C,  D)  250  pg/mL,  respectively. 


Figure  8.  Schematic  and  TEM  images  of  trimeric 
CutA  protein  templated  Pt  NCs  assembly. 
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morphology  and  size  of  the  final  NCs,  in  acquesous  solution  at  room  temperature,  even 
out  of  it  is  viral  protein  context.  This  is  a  significant  preliminary  experiment  that  enables 
our  future  experiments',  (2)  Using  the  specific  peptides,  we  have  achieved  for  the  first 
time,  the  rational  synthesis  of  monodisperse  ultrasmall  Pt  NCs,  in  aqueous  solution  at 
room  temperature.  Uniform  near-spherical  Pt  NCs  with  size  from  1.73  to  3.54  nm  were 
achieved  with  very  narrow  size  distribution;  (3)  Using  the  specific  peptide,  we  have  also 
demonstrated  the  control  over  Pt  NC  morphologies,  i.e.  Pt  NCs  of  multipods  or  near 
spheres  can  be  achieved  by  manipulation  of  peptide  concentrations  (i.e.  ratios  of 
Pt/Peptide).  The  shape  evolution  of  nanocrystals  suggests  that  the  peptide  molecules  may 
have  preferable  binding  onto  {110}  and  {100}  facets  at  low  peptide  concentration,  but 
lose  the  selective  binding  at  high  peptide.  Detailed  studies  on  the  Pt  NCs  synthesis  with 
the  stabilization  of  peptide  molecules  are  underway  for  better  size  and  shape  control  as 
well  as  elucidation  of  growth  mechanism.  (3)  Working  with  TY  we  have  demonstrated 
the  feasibility  of  linking  water-solution  small  Pt  NCs  to  trimeric  CutA  protein  surface  and 
achieved  Pt  NC  assembly  with  protein. 
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